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We dance round in a ring and suppose,
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DREFACE _

The work in this thesis covers three aspects of the electro-
catalytic properties and reactivity of monolayer and suhhmonolaief oxide
films on P@ anodes with respect to 012 evolu}ion and H2 oxidation.

Both these reactions have impoxriant connections‘with applied
electrochemistry in the chlor—a;kali industry, where oxidized noble
metal piepaxations esg. Pt-Ir or Ru are use& a§ anode coatings, and in
the operatiiP of H2/O2 fuel cells. However, as will e seen, the work
in this thesis is entirely of a fundamental nature. -

- Tt will be useful to. outline the structure of the thesis since
the work is best presented in four distinct sections: three on the origi-
nal work together with a generel introductory review. The experimental
detalls Sf the three axeas of the work are separately descxibed in each
of the three respectivé sections, Chapters IT, ITI and IV, in oxder to
present the results m;st logically in relation to the experimental proce-
dures. The same applies to previous work more specifically related to each
section: this is described as introductory material in each of the
Chapters II, III and IV.

) Chapter I covers previous work on the state of the surface
oxide film at Pt. Chapter II reports new work on the electrocatalytic
effect of the oxide film at Pt anodes in xelation to the kinetics at an-
oxide-free surface attainable in a non-agueous unreactive solvent, tri-
“fluoroacetic acid. The kinetics and mechanisms of the C12/01' reaction at

electrode interfaces is also discussed. In Chapter III 1s described an



extension of this work to 100% aqueous solufions with special regard
to the effect of C1  ion concentration on the kineties and on the state
of oxidation of Pt anodes'in the Cl, evolution reaction. The effect of
the competitive halidé ion ( especially C1~ ) adsorption is also dis-
cussed. Chaptexr IV describes a study of thé reactivity of H2 at oxidized
Pt anode suxrfaces where an interesting example of oscillatory kinéfics
of H2 oxidation was observed and details pf this behaviour were investi-
gated., |
The three sectlons of the work described in ihis th831s have
been published or accepted for publication, as follows:
' (a) Electrocatalytic Effect of the Oxide Film at Pt Anodes on
Cl" Recombination Kinetics in Chlorine Evdlution, by
B.E. Conway and D.M. Novak, J.Electroanal. Chem.,(1979).
(b) Chloride Ion Adsorption Effects in the Recombtination-
controlled Kinetics of Anodic Chloxine Evolution at Pt
Electrodes, by B.E. Conway and D.M. Novak, J.Chem.Soc.
Faraday Trans.I,(1979). _
(¢) Oscillatory Kinetics in Electrochemical Oxidation of Hydro-
gen in an AImost Anhydrous Solvent, by B.E. Conway and D.M.

Novak, J.Phys.Chem.,B81(1977)1459,
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BRIEF GLOSSARY OF TERMS AND SYMBOLS

'

Cyclic-voltammetry- The method for studying electrode reactions undex
' controlled-potential conditions when the potential is cycled
in the anodic and cathodic directions in a repetitive manner

at constant voltage sweep-rate, I dv/dt; developed by Will

and Knorr for the study of suxface processes at noble metal

electrodes.

" d.1. " or " double-layer " region - the potential range in a cyclic-
voltammetry i-V profile over which the currents are predominan-

tly, or only,those for charging of the double~layer capacitance.

" H-region ", " oxide region " - potential ranges for deposition or
ionization of H or deposition of OH or O species at Pt in a

cyclic-voltammetry experiment.

" Surface oxide " - generic term applied to the monolayer ( or thicker )
of oxygen species { as OH or O ) that can be electrodeposited
or reduced at noble metal elecitrodes.

Potentiostatic -~ contrelled potential procedure

Potentiodynamic - controlled potential procedure used in a dynamic way

with a time-variant potential.



Galvanostatic - controlled-current procedure,

" iR " drop =~ DPotential drop near a working electrode due to paséage

of current ( density ) i across local resistance R of solution.

Electrosorption - chemisorption of a‘iadical or atom.at an electrode

surface as a result of a Faradaic charge-transfer process,

" Langmuir conditions " - condition for which the Langmuir isotherm
applies ( approximately ) 1o the adsorption behaviour of some

species,

" Temkin conditions " - conditions for-which a Temkin or Temkin-type
of isotherm applies to an adsorption process, giving risi;io a
lineaxr relation between coverage and log concentration ( 0ften
applied to interacticn effects where adsoiption effects similar
to those due to broad heterogeneity of adsorption sites arise -
for such cases, the interaction effects are characterized by

a factor g - see below. ).

Tafel line - +the linear overpotential (n ) ~ log [current-density] ,

relation found for many activation-controlled processes.

Tafel slope, b - the siopt, dn/ & log i , of such a Tafel line



~

s

L4m - limiting current-density due to potential-independent rate of
a chemical step at an electrode in an electrochemical reaction

sequence,
i - an experimentally measured current-density ( A cm-z).

i -  the exchange current-density ( or reversible rate in temms of
egual anodic and cathodic current—densities at the reversible

potential of a process) .

n - activation overpotential = V - Vrev

vV - an electrode/solution potential difference ( p.d.)
V. .~ the electrode/solution p.d. when a process is at equilibrium

E oxr Erev - an electirode potential experimentally measured with respect

to some reversible reference electrode

>

E; - Dotential measured with respect to that of a reversible H2/H+

electrode in the same solution ( " Hydrogen scale " )
f - barrier symmetry factor in an electron-transfer process

& - ‘transfer coefficient in the Tafel slope , b = RT/oF
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K - an equilibrium constant for a process at an electrode
¥ - an electrochemical~fquilibrium constant for a process involving . ".
bharée-transfer and -including an "'exp VF/RT " term ( usually
K = X exp VF/RT )
k - xrate constant for a process at an electrode ( nommally containing
an exp term in electrode potential for charge-transfer processes )
@ - coverage by an adsorbed intermediate or othér species
¥
g - parameter defining the extent of 'vaxriation with coverage © of
that part of free enexrgy of adsorption associated with intexr-
action effects in ad-layer.
Sweep-rate, s , = dv/dt (V g1 y s )

. By
C, Capacitance - of dozgie—layer charge distribution at electrode
interface or { as a pseudo-capacitance ) of an ad-layer where

coverage g is a function of potential V.

4 - Ellipsometric phase-shift parameter

LS

( AR/R ) - relative reflectivity change for parallel (!l) or perpendicu-

laxly (1) polarized light

5



"~

- xdii -

R - reaction order ( under some specified conditions )

X

a, - the thermodynamic activity of a species [x]

c. or [x] - the concentration of a species, X , in solution



. ABSTRACT
This abstracé is given in three sectlions, covering the three
respective parts of the work to be described in Chaptexs II, I1I and
IQ as follows:

1. In agueous mediwm, Cl, evolutlon on noble metal anodes occurs *
on a surface oxide fllm the properties of whlch -rather than
those of the metal, determine the kinetics of the reaction.

The kineticsof Clzevolution on an oxidized Pt electrode in
aqueous KC1 are compared with those for Cl2 evolution on a demo-
pstra?ly wmoxidized Pt surface in anhydrous trifluorcacetic acid
( TFA ) as solvent. Hence the effects of development of an oxide
film on Pt in aq. medilm can be determined in relation to the
kinetic behaviour of C12 evolution on the unoxidized Pt metal
surface, . :

In both TFA and water,_and their mixtures, it is shown % t_012
evolution-kinetics are recombination—cont%qlled and non-diffusion-

controlled limiting currents, i are observed. The ilim

Llim '’
values in ag. medium, i.e. for the oxide-coverd surface, aél

some 15 - 45 times larger than on the free Pt surface in TFA
. - sinee the mechanism is shown to be same in the two solvents,
their mixtures, th;; observation ;ndicates a substantial electro-

. catalytic enhancement of the recombination rate for C1° on the

oxide in comparison with the Pt metal surface. This"is presuma-

bly due to weaker binding of Cl° on oxidized Pt than on the



2.

. 3
" bare " Pt surface, Effects due to specific adsorption of C1™
ion are also important and give rise to-dependence of the recom-~
bination catalysis on C1” ion concentration, |
A method is proposed.for analyzing the recombination kinetics
by means of linear plots which give both the recombination rate-

constant and the quasi-equilibrium constant for the prior C1™ ion

© discharge step.

The role of chloride ion adsorption in the anodic Cl2 evelution
reaction at Pt electrodes in agueous chloride s:lutions is exami-
ned for 'z range of Cl~ ion concentrations. A new method of testing
the applicability of a recombination-controlled mechanism is appli-~
ed, thus enabling both the rate-constant of the prior C1 dischar-
ge/CL* eléectrosorption step to be evaluated quantitatively as a
function of CL  concentration.

It is shown that the 012 evolution pro;ess at Pt is recombina-
tion controlled over a wide range of Cl™ ion concentrations., Despite
the approach of the anodic_cu:zent~potenfial relation towards limi-
ting-current behaviour, consistent with recombination-controlled
kinetics, the limiting current-densities are dependent on Cl  ion
concentration., It is suggested that this is due to (a) effects of
specifically adsoxrbed C1 ion on the C1' recombination rate constant
and (bj changes of state of the Pt anode surface due to competiti-
ve effects of C1  ion adsoxrption on the extent of suxrface oxida-
tion of the Pt surface on which the catalytic recombination of

discharged Cl' takes place in aqueous mediim. These two factors



complicate the interpretation of reaction oxrders in €1~  for
the 012 evolution reaction since both specific adsorption and
the competitive effects in surface oxidation have to be taken

into account in relafing rates to C1~ ion concentration.

In 2 number of electrochemical ( and. chemical 3 reéctions, a
situation can arise where no stable steady state of the feaction
is established. The system then exhibits sustained oscillations
around an unstable steady state. The conditions giving rise to
this staﬁe of affairs often involve diffusion and inhibition of
a réaction, leading to a current-potential relation for the Drocess
v¥hich shows an inversion corresponding to negative resistance or
positive feedback. In the present work, the inhibition'of oxidation

of H2 at a Pt anode has been studied in trifluorozcetic acid

‘containing controlled traces of water. Under these conditions, only

a small fraction of thé surface\is anodically oxidized and H2
oxidation occurs in a kinetically periodic way wheh pofentials are
reached at which the oxide layer can begin to be reduced and
readsorption of trifluoroacetate anion can occ;r. The oscillations
are related to the diffusion-controlled mass trasport of H2.
Sustained, rather than damped oscillations, are observed under
potentiostatic conditions since electrical power is provided to the
reaction from the externmal circuit. The participation of the surface
oxide and anion adsorption/desorption in the oscillations was

deduced indirectly by in situ observation of periodic changes of

relative reflectance in-phase with the oscillations, The changing
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Deriod, At , of osci]la.td.on't;l;ich arises in a cathodic poten-
tial sweep can be related to 't.h.e current pulse amplitudes, A1 .
A linear r:ala.tion to (4t )'ZL is demonstrated which provides a
key indication that the oseillations arise because of coupling
between the Iclne'l:,ics of the electrocatalytic oxidation reaction
and diffusion mass transfexr of H2. A cycle d.f processes that
c;_ualit;tively gl‘ an account of the oscillatory behaviour is

also given,



CHAPTER T

GENERAL INTRODUCTIOQON:

'THE STATES OF OXIDE FILMS ON ANODE SURFACES

1. Introductoxry Remarks

The work described in this thesis involves the study of (i) a
reaction of H, with the oxide film on Pt anode surfaces; (ii) a reaction
of C1° to form Cl2 on Pt anode surfaces and (iii) competitive adsorption
of C1™ ions in (ii) with electrodeposited OH/O species at Pt in anodic
oxide film formation. The role of the oxide film at Pt in these processes
is a major aspect of the work to be reported here. Therefore, it will be
appropriate to begin by a description of previous woxrk in which the
states of oxide films formed at Pt and other anodes in agueous solutions
have been characterized under various conditions.

The methods which have been employed are as follows:

(i)' Electrochemical: (a) from charging curves for film formation
and reduction(l'z); (b) from integration of cyclic voltammetry current-
potential profilés(B); these methods are based on a microscoplc applica-
ﬁion of Faraday's Laws and can give information on distinguishable states
of the film below monolayer coverage.

(ii) Chemical: film stripping by a reagent that reacts with the
film, or physical stripping of the film followed by quantitative chemi-

cal analysis, if the film is sufficiently thick(u);
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(11i) Optical: from ellipsometry; this methed, un&ei favourable
" circumstances, gives the film thickness and the real and imaginary
( absorption coefficient ) components of the refractive inde¥(5);

(iv) X-ray Photo-electron Speciroscopic ( Auger and ESCA ):
" giving information on valence states(s’?) of atoms in the film, elemenfél
analysis and depth profiles of element distribution in complex thick
films;

(v) Electrical: giving information on the conductivity behaviour

(8)

of oxide films

The properties of the surface oxide film at Pt that will be
of interest in the present new work are: (i) the oxide film coverage as
a function of electrode potentialj; (ii) the physical state of the film,
including the valence states of Pt within it; (iii) its conductivity
or electron-transfer properties and (iv) its adsorptive properties
with respect to C1  ion and Cl! and its catalytic properties with

respact to Cl°- recombination, H2 oxidation and 02 evolution.



2. Bguations for the Behaviour of Monolayer Surface Processes such as

H Deposition or Surface Oxide Film Formation

(1) General Relations: The general kinetic equation for a surface

process in which a species, e.g. H, is electrodeposited or desorbed at the

level of a monolayer is written

. de _ oy _yO _ _ -

159 3¢ = kl(l 8) C+ exp- s(v oy +n YF/RT Ky 6y exp(1-5 )(V Yoy *+n )F/RT
eee(1)

where 6. is the coverage at a potential V +, and is f(V), qy is the charge

for the foxmation cof a monolayer and , is the overpotential required for

net current flow. This equation applies to a surface process such as

over a potential region where H species can be electrochemically deposited
or ionized. k1 and k—l are the rate constants for the surface process, GH
is the coveragé at a given potential.A similar equation to (1) applies to

the electrodeposition of OH or O species at higher positive potentials. The

coverage © is thermodynamically related to potential at a given concentration

CH* when is = 0 for equilibrium conditions, i.e. whéen n= 0. Then
2]

o _ RT H , 1
VoVy= 7 2 77T 5, C.r - (3)

where %EH is a2 standard potential for the surface process defined for
Oy =0.5and Oy =1 (strictly for hypothetical a = 1 ).
Since QH requires a corresponding passage of charge q (q1 for qi= 1)*

a quantity dq/d(Vv - g:H) having ‘the nature of a capacitance can be defined

*
(as shown in eqn.2)
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and follows from eqﬁ.(B) by differentiating (V—E;H) W.r.t. GH; dq/d(v-g;H)
is not a real capacitance like that of the double-layer and is referred to
as the adsorption.pseudo-capacitance, denoted by C¢ .

For reversible conditions of deposition or removal of aﬁ ad-species,
C, is a symmetrical function of € (or of V) with a maximum at ©@ =0.5 .

The formation or removal of a mono (or thin)-layer surface film
at an electrode can only be exémined by non-steady-state techniques since
no continuous faradaic process can occur for such a film, Either (a} a

constant current pulse is applied (“galvanostatic conditions") and the

potential V(t) as a function of itime is observed or (b ) the potential is
varied in a controlled way, e.g. linearly in time (potentiodynamic sweep

method), and the resulting current, i(V,t),is observed.

(i3) Galvanostatic Charging : Here a constéit controlled current (density)
i is applied to the electrode. The potential of the electrode as a function
of time, t , is measured and changes because (a)'the double-layer capaci-
tance C is charged.and (b) species are electrodeposited at the electrode

in some kind of a thin film according +o eqns.(1).(2). The time-dependence

of potential is given by solution of the eguation

i = constant = C( 5f ) + K, (1-8,)Cpr exp =8 (V-V0p + o)F/RT

o]
= k"'l GH exp(l-s )(V—VI',H * H)F/RI a0 (L!')
(iii) Potentiodynamic Conditions : Hére the equation for the current is
RNV |



where C¢ is the adsorption pseudo- capacitance defined above for potential-
‘dependence of coverage 8. dV/dt is the sweep rate (s) applied in the experi-

ment,

Equation (2) arises by writing the current for the surface process,

i~ C(%%)T'as %% where q is the net charge passing which produces (or
removes) an electrodeposited species, e.g. H,0H or 0, on the electrode

dg - da av dg
surface, eF3 can be-written v ‘aT " av

has formally ithe nature of a
capacitance like that of the double-layer so is réfe:red to as an adsorption
pseudo-capacitance, C 6" '
Under .ixreversible conditions, or more generally, i must be
written as in eqn.(l) with V taken as the independent variable and defined
as V=V, * st , where s is again the sweep rate dv/dt (= constant)
and vin is the initial potential in a sweep. Solution of eqn.{1) for these
conditions gives the shape of the i-V profile in a potentiodynamic experiment
for a species adsorbed in a single state on the gurface. Multiple states
. arise when different Vg values apply to the electrodeposited species in
the monolayer as € increases from 0 — 1 ox vice vérsa.
The reason for the normally observed maximum in the i-V profile
for a single-state adsorbed species is simply that, at low @ ; the deposition
current increases in the usual exp manner but,as charge continues to pass @
inéreases so that the 1-0 term decreases and eventuall; inhibits flow of

current. Also, in a reversible surface process,the back reaction rate

increases with ©.

In evaluations of charges, corresponding to © values for various
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species, allowance must always be made for the current component, G(%%),
that goes into charging of the double-layer capacitarice, C (see p. & ).

(iv) Evaluation of Charges : In the galvanostatic method,the evaluation

of chaiges for a given surface process coxresponds simply to the duration
of the arrest, at , at constant i. Hence the g value-is 4 t i, In potentio-
dynamic experiments,the ¢ value for a given process corresponds te¢ the area

- vV, .
2 - 2
under the respective i(V,t) peak, viz. L idt , = .[' idv , where the
1 1o
relevant part of the i-V profile extends effectively over a potential
interval V2 - Vl' The double-layer charging contribution over the same

v
2
potential interval must be subtracted out, g a1 = J’ C av (see below).
. o Vv

1
(v) Double-layer Capacitance : In potentiodynamic woxk, it is usually

assumed that the same double-layer capacitance applies in the oxide region
as on a bare metal but this is only an approximation. This matter was
considexred by Schuldiner and Roég) for charging curves, and they tock
an average value of 40 uF cn™? up to 1.8Vat Pt. 4 fall-off of double-layer
capacitance may,however, be expected as the oxide film is formed,

In the H and OH/0 regions, the double-layer capaéitance ig masked
by the high pseudo-capacitances for the H or O and 0 adsorption ﬁrocesses,

10)

as pointed out by Breiter et aJS The actual value of Cd 7 at Pt in the

: -2 {10-1
absence of chemisorbed species was considered to be 18-20 FF‘cm 2 ( 3)

(1)

However ,Gilman 1 Dointed ocut that this value is certainly too low since the
Pt surface is covered with adsorbed specles, especially anions such as 502- '

from the solution itself. In the region where the Pt suxface is covered with

adsorbed oxygen , some authors( 15 ) have stated <that the d.1. capacitance
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Tises nearly in proportion to the amount of adsorbed oxygen. Gilﬁan(iu) and
Brei ter(io 16) showed that the capacitance rises sharply over the range
0.4V to 0.8V Ey and that when the surface is completely covered with
oxide the capacitance drops to a lower value, The rise in capacmty in this
range wWas attributed to a change in the structuxre of the'double-layer due
to the roughness of the surface. As Gllman( k) stated, above O. BV in HC1O,
ox H,S0,, the total capacitance at first increases (170 pF em2 at 0.9V )
ond then falls to ca. 10QuF em - at ga. L. sK18) | Tnis s due to the
pseudo-capacitanée associated with electrodeposition of oxygen species(¥6).
The true double-layer capacitance is only accessible 1n this region by
high frequency 2a.c. measurements.

Gilman(lu) considered +hat the disagreements for the capacitance
of Pt in HClOu may be explained on the basis of varying extents of coverage
of the surface with adsorbed impurities. On a clean Pt surface, the capaci-
tance was found to be 33 WF quZ at 6.4\IEH. After that it rises to 2
naximum of 170 wF en~2 at 1.5V E,. This behaviour ¥as 3¢ attributed to
the effect of " adsorbed oxygen " but to a change in the structure of the
ionié double-layer with increasing potential., Once the surface is oxidized,

_the capacitance Grops due to thickening of the £ilm. However, for the thin
oxide films on Pt and other noble metals, the conductivity is too high(a)
for a dielectric capacitance to arise from the film jtself as it does with
the bafrier-layer " valve " metals, Formaro and Trasattl (17) followed up
Gilman's work by examining the time-dependence of the differential capacity
.+ T measured at 5 KHz in the potential range where the electrode was free
from H or O species. The value of C4 4, in this region was ca. H pF cm-z.
Variocus reasocols, inciuding giffusion of impurities and surface rearrangement

were considered, for the time-dependence of double-layer capacitance.
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3. The State of the Surface of Anodes - Thick Films at Base Metals

— Thin Flims at Platinum

(1) Ceneral Behaviour:Metal surfaces can normally undergo or par-

ticipate in several types of oxidation reactions as-anodes in suitable
electrolyte corutions 1829, () oxidation of the metal as free solvated -
metal ions; (b) oxidétion +o form an oxide film by electrochemical reaction
| with the electrolyte; (c) dissoiution as solvated ions by passage of ions
through the oxide film; (&) 0, evolution on the oxidized metal surface as
a subsequent reaction but often electrochemically coupled with the surface
oxidation process and (e) anodic evolution of other species, e.g. Cl,, on
the oxide film at the electrode. Which of these reactions occurs at a |
given metal depands on several factors: (1) the properties of the metal
jtself: (2) the experimental conditions, such as choice of electrolyte,
current-density and temperature. This means that some metals such as Cu
can undergo anodic dissolution in acidic solutions while, in alkaline
solutions, their sﬁxfaces would become covered with an oxide film.

Most metals, when used as'anodes at sufficiently positive electrode
potentials, become coated with an oxide film leading to " passivation " of
the metal dissolution process. This behaviour occurs in a relatively narrow
potential range. The thickness of the resuliing £ilm depends on the metal
and on the conditions of the -growth ( interfacial field, temperature, ete.)
and can be in the range of a few layers to a few thousand layers. These
films can be compact or porous depending on the conditions undexr which they
are grown. They also may be distinguished accoxding to their conductivities,

e.g. oxides formed on Pt are imown to be fairly thin and conducting, those

-



at Ni thicker and conducting whilé those at the "valve” metals ( Ti, Ta, Zr,
Al ) are thick and behave as insulators(ls’goag Such films are usually highly
pProtective since diffusion of metal cations or 0 anions through the film is S0
slow that they almdst completely inhibit dissolutiqn of the upderlying

ﬁetal. However; the oxide films on these metals(zl)

thicken in propoxtion
to the field appiied across them by mechangsms involving either catiom o§
anion transport ( or both in some cases }. Some "leakage Eurrents" do

arise through the film$ and these are ascribed to defects in the film or to
the presence of plts(ls 203)

—

At sufficiently extreme potehtials, H, or O2 can be made to

2
evolve upon the pﬁbtective films if.sufficient voltage 4is applied to
overcome the high resistivity of the films. At such oxide films, there are
two regions where ion or electrom—transport occurs: one at the metal/oxide
interface and the other‘at yhe oxide/solution in%erface.

Another typé of behaviour can arise at heavily'oxide-coated
metals where thé ancodic oxidation process is either ially or cémpletely
tﬂe anodic dissolution of the metal itself. This proijig\gxy take place

. vwith or without formation of an intermediate reaction film on the
electrode surface. In the case of Al or Fe, depending on the type of
electrolyte, anodlc oxidation is coupled with the anodic dissolution of
the metal(2 ). Depending on the nature of the electrolyte, Al can develov
solid compact films which are virtually insoluble (borate or tartarate
buffers, pH ¥ 5-7 ) ox fine%y porous films which result from slow dissolu-
tion of the film itself ( acidic solutions: sulphuric, chromic or oxalic acids).

(18-20a)

Some metals such as Fe or Ni exhibit a2 transition between

so-called active and passive states. The first is characterized by either
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a dissolution of the metal iéself or by the formation of a porous salt or
hydroxide layer, yhich becomes transformed into a passive, protective
form as the valence state-of oxidaticn of the metal is increased and the
oxide film is formed directly ér when the lower hydroxide is convérted
into an higher oxide. The passive film on Fe . is in some respects like the
ox%de film formed on Ta surfaces, although the range of potentials over
which the film grows is different.

Iess noble metals such as Ag, Cu and Ni tend to form thiqk oxide
(9,19)

layers Depending on the stoichiometry and conditions of formation,"

oxide films formed at these metals may behave as non-conducting insulators
but they are usually semiconducting due o the presence of more than one
valence state of the metal.

In-the material which follows, attention will be concentrated on

the behaviour of very thin oxide Films which are formed on the noble metals,

especially Pt.

(ii) Thin Oxdide Films at Noble Metals { Pd,Ru,Pt,Ir and Au )

In the case of platinum and other noble metals; betwgen the
thermodynamic limits for cathodic evolution of H2 and anodic¢ evolution of
02, one or two monolayers cf oxygen specles are electrodeposited (chemisérbed)
as the potential is made increasingl& positive, At least a full layer of
0 species ( 2e paségﬁ per substrate metal atom )} is usually formed beforé
moleculax 02 evolution proceeds, Since the stéﬁe of the oxide film reguired
for generation of O

, at significant ( experimentally detectable )} rates

usually corresponds to potentlals well above the reversible potential for 02
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in the given solution, O2 evolution eommences at appreciable overpotentials
( 0.2~0.3 V) on the oxide film,

The study(lsnzo) of anodic oxidation of noble metals prevides
insight into the understanding of the oxidation of metal surfaces in
general, as the first stages of metal oxide film growth can be sensitively
followed at metals of this group before electrolytlc evoelution of O
occurs. Different noble metal surfaces exhab;t a variation in the nature
of the anodically formed oxide films(zz).

Pt and Rh behave as the noblest metals of the group with respect
to the extent of anodic ekide formation that occurs up to moderate potentials
( 1.8V ). The surface of Pt is noxmally covered with only 2 thin ( mone-
layer ) oxide layer, which is condueking(s). Its _growth commences(zza)
at about + 0.75 v EH and the electrodeposition of chemlsorbeu oxygen atoms
or 1ons into a monolayer is completed already below the O2 evolution
Dotentlal(ls 19, 23). This growth is ratéer complex and will be explained
in more detail later. Only under special and extreme conditions of
anodic polarization(lg) can thicker oxide films be formed at Pt.

At Au, initial suxface oxidation does not commence until 1. 37 V
(in IM H »50,, ) so this metal appears more noble than 211 other noble
metals. However, it is less noble in the sense that relatively thick oxide
films can be formed by continuous anodlc polarlzatlon for 30-60 min. after

the initial monolayer formation( ). Nevertheless, in short-time experiments

The charge state of electrodeposited species such as OH, O or H on electrode
surfaces is uncertain, It depends op.the extent of charge transfer in the
electrodeposition Process. The sﬁfg;;led " electrosorption valency «(25,26)
characterlzes the state of electrodeposited species or of chemlsorbed ions,
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in a time scale(27) of 10 ms to 10 s only monolayer oxide films axe
formed so that, in this respect, Au behaves much like Pt. At P, on the
other hand, prolonged anodic polarization will not cause the oxide film
to grow beyond about 2 equivalent O monolayers in thickness (28), "Pfoz".
although under special extreme conditions,'thicker layers can be
formedcs’zg). When the monolayer of oxygen is completed, O2 evolution
commences at small but significant rates beyond ca. 1.5V Epe

The interpretation of the properties anéd formation of fhe oOXygen
layer on the Pt surface is rather complex since three factors contribute
to the difficulty'qf studying the system:

(1)  the state of the bare metal suxface itself, as it is important
that perfectly clean surfaces be present initiall& without any other
foreign adsorbed species, exceplt inevitably anions from the electrolyte;

(i1) the irreversibility of the film formation and reduction processes,
leading to a displacement of current peaks for oxide formation and
reduction in comparison to those for reversible H adsorption and ionization
processés, and

(iii) the possibility of eventual formation of a multi-layer oxygen
film, beyond the initial monolayer, in contrast to that for H where oﬁly
a monolayer film is formed.

- The state of the adsorbed oxygen film on Pt surfaces has Eeen
determined variously to be nominally PtOH and/or ‘Pt0 at potentials bélow
about 1.1 V B while, above this potential, a mixture of PtO and Pt0, is
said to appear on the, metal suxface. The evidence for these states of

surface oxidation will be discussed in a following section ( p.287).
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When other platinum group metals are anodically polarized, a
monolayer of adsorbed oxygen atoms, similar to that at Pt, is initially
formed before O2 evplution occurs. At Pd and Au surfaces, thicker oxide
films can easily be pfodﬁced after longer periods of anodic polarization
treatment but sub-monolayer and monolayer films are deposited initially.
The oxide films on these metals become visible coatings after prolonged
2°
Au203 are found under these conditions(lg). The stabllities of these oxides
greatly depend on the nature of the electrolyte employed, e.g. in alkaline
media, the Pd0 film is stable while the oxide film dissolves significantly
in acidic solutions; conversely, with Ru, the oxide film ( Ru0,, ) is
stable in acidic solutions but dissqlves as the red ruthenate iﬁ’alkaline
solutions ( pH > 13 ). 4 .

Rh is similar in behaviour to P4 although, in the case of Rh,
even afier longer anodic polarization in either acidic éf alkaline
solutions, the layer of adsorbed oxygen formed prior to O, evolution

2
rarely exceeds a monolayer and is a good conductor. The oxide is probably

hao3 as this is said(lg).to be the only existing oxide of Rh. Butler and
Drevercyj) found that the first film of adsorbed oxygen easily changes to
a so-called layer of "peroxidic oxyge@m™ at potentials where 02 is evolved.
Thus, although Rh203 1s present on the surface at higher potentials, the
anodic polarization enables oxygen +o be dissolved in Rh and a type of
alloy "Rh-0" is foxmed in the outer layers of the metal surface, according
to refs. 31 and 32.

When Ir anodes are used in either acidic or alkaline solutions,
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a monolayer of adsorbed oxigen can be observed before 0. evolution takes

2
place. The behaviour of-Ir anodes is similar to that of Pt as the
oxide film does not tend t6 grow much beyond a monolayer, except on
repetitive cycling (33). When this behaviour is obsexrved, it is due to
the development of a2 thicker film in which a revexrsible solid-state
‘aiedox process can occur(sn). It is believeslg) that a layer of adsorbed
O- atoms, Ir-0, is formed on the Ir surface in acidic solutions. When 02
evolution commeﬁce§, there is then an increase in the amoﬁnt of adsoxrbed
oxygen on Ix surfaces(19). The details of such processés have recently

been studied by Arvia et al(ja). The initial monolayer formation process

is similaxr to that at Pt.

L, The Early Work: Use of Charging Curves

The early work on surface oxidation of noble metals was confined
to Pt and Au., The ceonstant current charéiﬁg method ( see Section 2 ) was,
of necessity, employed owing to the lack of development of conirolled-
protential instrumentation of a suitable kind until 1960(22), although
a crude potentiostat had been designed by Hickling in 1939.

The first use of the charging currerit method was by Bowden(35)
who evaluated the doublé-layer capacity, dg/dV, at Hg from cathodic
charging curves. Hg behaves almost as an "ideélly polarizablé” electrode
over a potential range of ca. 1.2 V, i.e. no significant transient surface
reactions nor continuocus Faradaic reactions ( H2 evolution, oxidation of -
the metal to form HgO or Hg,Cl, ) occur. The charging curve then gives

only the double-layer capacity over the above potential range.
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An extensi&g of the technique to Pt revealed that three main
regions of anodic charging curves coﬁld be distinguished at this metal(2'36);
(1) one for desorption.of previously chemisorbed H atoms; (ii) a region
of double-layer charé;ng, as at Hg, and (iii) a region of oxidation of
the Pt surface prior to onset of a significant rate of anodic O2 evolution.

In the regions where surface processes of H ionization/deposition
or oxide film formation/reduction oc;ur, the apparent capacitance, da/dv_
was much larger than the double-layer capacitance. As explained in Section 2 ,
the dq/dV. is, for these conditions, a pseudo-capacitance associated with
the electrochemical adsorption reactions. The study of the adsorption
behaviouf of H and oxygen species at platinized Pt was pursued in more
detail in several impertant papers by Frumkin and Slygin(z'je).

Soiution impurity problems were recognized in the early woxk and,
in particular, the role of reduction of dissolved O, either from the .
atmosphere or‘generated at the most positive potentials of an anodic current
pulse gave rise to complications in the early work. By using "rapid”

(35) ,

charging techniques i.e. with high current pulses, these difficulties

were minimized but the role of reduction processes involving diffusing O

(37,38)

2

was not initially well understeood. Butler aznd Amstrong used the

rapid charging method at Pt in solutions coﬁtaining 02. They measured a
value of 1x1072 C en™ 2 as the charge required to establish z constant
pofential at which O2 is evolved. This is the chaxrge for surface oxidation
of Pt up to ca. 1.8 V, but the real area of their electrode is uncertain.
The above quantity of charge, it was noted, is sufficient to fomm at least

two monolayers of O species at the Pt electirode.

These early experimentis provided the first guantitative evidence

e
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that the formation of an oxide "monolg}er" occurs at Pt ( and-also at Au(39))
and is followed by evolution of 0,. The weakest point in this early work
ws the estimation of real areas of the electrodes as the use of the
" H-chaxge " ( for Pt ) as an "intemal” real axea measu:emeﬁt was not,
at that time, used for this purpose;

An important conclusion arose from work in which a cathodic .
current was applied, following fast anodic polarization. It was realized(35)
that in the course of passage of cathodic current, the previously electro-
deposited oxide film will become reduced. However, Armstrong, Himswoxrth

(%0)

and Butler offered a somewhat different explanation based on
experiments made in solutions containing dissolved 02. They observed that |
the cathedic reduction curve was dependent on stirring and alse on con-
centration of impurities in the solution. They concluded therefore that

the cathodic process consisis not only of the feduction of adsorbed oxygen .
but alse of molecular oxygen present in the solution.

Some of the behaviour observed in this early work referred to
above was unnecessarily complicated by the presence of residual O2 in the
solutions, and/or of 02 generated in a previous constant current pulse.
Then, in the cathodic current pulse, some diffusion-controlled reducti;n
of dissolved_02 occuré. These complications can be easily diminished by

using solutions outgassed by N2 bubbling, and are not involved in moxre

%

modern experiments where the surface oxide fommation and reduction

behaviour is well defined in the absence of molecular_o

(39)

2 processes,

Pearson and Butler used large current-densities at Pt electrodes
in dilute H2504 solutions to study the effects of impurities on the shape

of the anodic charging curve. When a fresh electrode was used, which was
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previously cathodically polarized, a so-called " inactive " type of
charging curve was obtained. The electrode became " active " after anodic
polarization and then the typical é:}ve consisting of a region over which

H is adsorbed, followed by a longer region evidently due to the deposition
of a monoatomic layer of adsorbed oxygen on the g;égg surface, was obtained.
Between these two regions, the usual process of charging the double-layer
at Pt was observed, Activation of 2 Pt electrode by anodic/cathodic

cycling was later investigated in some detail by Breiter(ai).

It is also to be noted that this seems to be the first* work in
which anedic activafion of Pt electrodes for removal of adsorbed impurities
was reported: it is a very important matter with regard to obtaining
reliable results for clean surfaces.-

In the important woxk of Frumkin and s1ygin(®38) | inpurity
effects were minimized by use of platinized Pt and the §low charging
method could be reliably applied. Three main regions of the charging curve
were identified, as mentioned earliex, In HZSO4 and XOH, two states of H
adsorption were distinguished. This work was the first in which the

(42,43) -

behaviour of halide iocn solutions was studied . The main difference
noted at that time was the current for anodic halogen evolution instead of 02.
Impurity effects were virtually eliminated in work by Ershler et
Ge-L7) e 3
al. by use of large electrode surface-to-solution-volume ratios.
However, the charging curves were less reversible than those at platinized
Pt electrodes referred to above,Possible contamination effecis were considered

and led to the study of the effects of poisons such as sodium arsenate

6\
on the surface processes at PtGL ’,

. ;
Faraday noted, however, that Pt could be made catalytically active for
H2 + 02 combinaticn if it had just been used as an anode; a recently

¢athodized surface was net active.
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For smooth Pt electrodes, activated by anodic-cathodic pulsing,
it was found that the xatio of qo/2qH was close to 1 in solutions of

H,S0,,, KPO, or NaOH at room temperature (37-40,42)

. Similar ratios were
observed for anodically pretreated Dlatinized platinum(43). This indicates
that,' in those experiments, a state of oxidation of Pt of 1 Q-atom to
each Pt-atom was attained. However, it is clear that the O : Pt ratio, or
the number of electrons per Pt-atom passed in surface oxidation of Pt
electrodes, must depend on the potential attained; it also depends on thé
duration of the current pulse.

In conclusion, it should be noted that thé early work on oxidation
of Pt surfaces provided the first infoxrmation about the range of potentials
over which oxddation of the surface proceeds. From this work, it was obvious

that oxidation of Pt surfaces occurs before evolution of 0. commences. The

2
oxide film was considered to be a monolayer of Pt0 which at higher potentials
becomes converted to PtOZ. This was deduced from slow rate charging curves(usz
The cathodic reduction of the surface oxide was well resolved as a single
process corresponding to one plateau in the ( cathodic ) charging curve.

This observation, however, did not lead to any speculations on
the different steps in the oxidation or reduction Drocesses which are now
Imown to be involved in the film on the surface.

The effect of-impurities on the oxide film formation behaviour
was well appreciated in thé early work and led to some contraversial reports
about the state of the oxide film on Pt.

The later work, to be described below, especially that conducted
by means of cyclic-voltammetry or bﬁ controlled-current charging(a9"53),

upholds the general conclusions reached in the early work described above,
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but adds much more qualitative and quantitative detall about the stages of
formation and reduction of thin oxlde films on Pt, and about the role of
impurities and effects of anion adsorption.

An important point, to which litile attention was glven in the
ea;ly work, was the marked hysteresis between the anodic charging cuxve
‘for 6xide film formation and the cathodic one for reduction at Pt or Au.
Similar hysteresis 1ls observed in the po£eptiodynamic curves for oxdlde
£i1m formation and reduction at these and other metals, to be discussed

below;'see Mg, 1 where the various types of curves for Pt are compared.

" — (i)
REDUCTION
v [
.
H l’ t(i) — CURRENT TIME
2 OXIDATICN CATHODIC ANODIC —_—
CHARGING CURVES POTENTIODYNAMIC

i-V PROFILES

Fig. 1 " Schematlc comparison of current-potential relations for surface oxide
formation and reduction, and for H desorption and ionization zt a Pt

electrode as generated by galvanostatic charging and potentiodymamic
sweep methods.
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-
5. Results from the Potenticdynamic Method

(1) Early Woxk: A different and very importént, type of approach
was developed by Breiter,Knorr and coworkers(54’55) and especially by Will
and Knorr(zzg it involves the observation of the potential-( and hence time-)
~dependent charging currents which result when a repetitive or a single

potential sweep, linear in time ( Ve =V, &8t ), is 2pplied to an electro-

in
de 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 +o.

as a' " potentiodynamic sweep "; in the repetiiivé mode, when potential is
cycled " anodically " and " cathodically " over some set potential range,

the method is called cyclic- voltammetry. ‘

As the potential is gradually changed, the curxent at the eléctrode
passes through a.series of maxima in the cathodic as well as in the anodic
directions corresponding to surface reactions that can take place over
various ranges of potential. At 2 given electrode, e.g. Pt, H and oxygen
( OH and O ) species become adsorbed in one direction of the sweep or
desorbed in the other, as in anodic and cathodic charging curves..Eventually,
gt sufficiently large positive potentials in the anedic sweep, the aqueous
electrolyte will decompose giving a continuous, potential-dependent
Faradaic current for 02 evolution while at sufficiently negative potentials
in the cathodic sweep, H2 evolution current arises. A typical potentio-
dyﬁamic i-V profile for a Pt electrode in 0.5P4H2804, obtained in the
cyclic-voltammetry mode is shown in Fig.2 .

As the potential is changed from ca. 0.0 V to ca., 1.5V B, the

following processes occur, e.g. at a2 Pt electrode:
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(a) Ionization of previously adsorbed H in 3-4 distinguishable states
over the potential range of 0.0 V to 0.35 V E;, depending on electrolyte
composition and concentration; | v

(b) Between 0. 35V and ca. 0.78 V EH in acid solutions, a reglon of
double layer charging; )

(¢) From 0.78 V %o ca, 1,1V Eyy formation of a monolayer of OH species
in three distinguishable but overlapping states;

() From 1.1 V onward, a broad range of current for further oxidation
of the suxface in éﬁ unstiructured i-V profile;

(e) Beyond ca. 1.4 V, depending on electrolyte composition, pH and
temperature, O2 evolution in parallel with 'further oxidation.

In the reverse dixection of the sSweep:
(a) The oxide film is reduced in an apparently* single peak over the
potential range 1.05V to 0.5 V E;;, depending on previous film-formation

. conditions;

(b) A shoxt, 111-defined double-layer charging region 0.5~0.35 V Eys

(¢) A region ( 0.35~0.0 V E, ) over which H atoms axe redeposited
on the surface in 3-4 distinguishable states, depending on electrolyte
composition and concentration.

(d) Below ca. 0.05 V E;, depending on pH and temperature, H, evolution
in parallel with probable further increase in coverage of the electrode
by adsorbed H species. ]

An important feature of the behaviour of most noble metals is

the hysteresis which is observed between the processes of ( anodic )

formatlon and { cathodic ) reduction of the film, and correspond to that
In special experiments at fast sweeps or low temperatures, this peak can
be resolved into 3 components as at Au. Will and Knorr(zza) also noted
iwo reduction stages under certain conditions.
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_found in the anodic and cathodic chaxging current behaviour. The two types
of behaviour are, of course, related, as shown qualitatively in Fig.1 .
This hysteresis is a fundamental feature of monolayer film formation and
reduction a% Pt, Pd, Rh, Ru and Au, as will-be discussed later, and
coriesponds.to an ixreversible change of state of the film. In the H region,
g;;?y contrast, the anodic and cathodic processes axe almost revergible with
.resPect to one another, Reversible behaviour is aléo ﬁgup@ irn the initial
stages éf oxidation of Ru and.Ir, and at Pt at alkéline pH.
Will and Knorr(zza'%easured the charges q associated with the .
oxide and hydrogen regions by the cyclic-vo%tammetry method a2t a sweep rate B
of 1V sect a.nd‘fouﬁd that the ratio of qo/qu is close to 1 when
measurements were made -in acid solutions. The value of.qo was not Fntirely
constant with current-density or sweeﬁ rate, and decreased gradually as-thé

¥

sweep rate was increased from 1 to 100 V sec_i. This is due to time-
C

dependent growth processes in the o*ide:film. On the other hand, q# was

found to ;; constant over the entire range of sweep rates, Bdld and Breiter(ss)
foﬁnd 1-2% agreement between the oxygen film chakrges measured from the areas
of the i-V profiles in the anodic and ééthqdic sweeps if the potential

was kept below 1.6 V, i,e. if no siénificant O2 evolﬁtion was allowed to

occur, Cyclic~-voltammetry i-V profiles were obtained for HZSOI+ and NaOH
soluticns ét various pH's and.different'temperatures. From the pH-dependence

L”
of the potential for onset of surface oxidation ( low coverages of oxide ),

it was observed that the'éé%hodic back reaction currents remained’
significant g ‘comparison with the anodic currents for oxide formation

up to 1.0 V.EH’ The anodic currents were found to be pH-dependent and,
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as there were two obviocusly distinguishable péiks; they suggested that the -
oxidation of the surxface proceeds through two consecutive discharge reactions,
The currents for these stepﬁ during surface o§?dation were assuned “to- be

equal and lead to the formation of a chemisorbed layer of Pt0 . Thus: ~

Pt + E,0—= PtOH + K + e - (1)

PtOH —== Pt0 + H .+ e \ (2)

The back-reactionS'ii the steps (1) and (2) ;t low oxide-cdverages “weTe
assumed to be re5pon51ble for the -pH dependenczes of the anodic and
cathodlc sweep behav1our Laitinen and Enke( 52 usihg the galvanostatlc
charging method in the fddic and cathodic dlrectlons also found that

the formation of the Pt su;face oxide is highdy irreversible. They studied®
the shapes of the anodic and cathodic charging curves ard, from thé:'
charges assoclated with the arrests for oxide film formation and'redﬁétion,
concluded that more electricity was ;eculred to'“orm ”he oxlde than to
reduce it. They concluded that the formation of the, ofgﬁe is energetically
possible at potentials less p051t1ve than the potentlal of O evolutlon,
but it was assumed ( 1ncorzect1y ) that the oxide is not fofmed at an

appreciable rate except when supposed inte{mediates of the O2 evolution

reaction were present. In order to reduce the surface éxide, it is necessary
to reach the potentiai at vwhich the oxide on the ;lectrode surface is
unstable. At such a potentzal the instantaneous rate of oxide reduction
would be proportional to the instantaneous quantity dF oxide on the surface,

as conflrmed experimentally by following the hystere51s of oxide formatlon

and reduction.
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Pt surface may be reduced t9 Pt + H,0

. ﬁ' - o2 -

- Similar behaviour had been found in controlled current experiments

by Vetter and Bernd_'éS?) who observed ratios of ancdic to cathodic charge

for formation and reduction of oxide at Pt, of about‘z. It was suggesfed
that this arose because (a) some, anodic charge goes to form evolved O2

on the anodic pulse and this charge is not recovered on the cathodlc pulse
on account of* diffusion of 0, away from the electrode; and (b) the oxidized

rather +han M O.

~

272
Feldberg, Enke and Biicker(ll), in controlled potential and
conirclled current experiments, observed similar discrepéncies between

the oxide formation ( g, ) and reduction ( qj ) charge at Pt and found

'qA/qC varied from ca. 2.0 to ca. 1.4~1,0 depending on electrochemical

pretreatment of the electrode. They suggésted that *an half-reduced state

Pt(OH)x.could.fe formed on reduction from a state Pt(o) produced on

oxidation, giving QK/qé ¥, These results from various workers(11 15,57)
Ly
gave rise to much confusion in the early '60 S concern;ng the state .of

- M N - v, - i ) -~
oxide films oh Pt..?his matter will not be considered further here sipce,

-

" in later work, there is povqﬁestion that any disbalance of énodic/cathodic

chargé.exists: the cathedic charge foi oxide reductien is consistently

and reproducibly within 2% of the anodic charge for fil fornation. The

‘garlier dlscrepanc1es may have originated from some O2 evolution in anodic

current puls&s and/or from the presence of organie 'impurities uhlch glve
an extra anodic oxidation charge not recovered in the cathodic sweep, but
the origin of these effects is still obscure.

In théée early papers on Pt oxide formztion, it was common to

: regard the various species supposedly adsorbed on the Pt suxface ( PtoH,
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*
t0, Ptoz, Pt0OCH ) as intermediates in the 02 evolution reaction. However,

and p below 1.4 V, are strongly bound surface compounds produced
independently of the subsequent O2 evolution reaction that arises at
higher potentials. Indeed: current thinking discounts the strongly bound
‘OH or_ 0 species as kinetically significant intermediates in O2 évolution.
Probably such intermediates as are involved are more weakly bound speciés
deposited on top of the oxide film, Equivalent ideas 2pply to H, evolution.

(1%) reexamined the question of surface oxidation of Pi,

Gilman
.in particular the range of poﬁentials over which oxidation occuré. He
employed the potential-step method in aq. HClOa to avoid not only effects
of impurities but also to minimige anion specific adsorpiion on the metal
surface., He also abjected to the controversial conclusions of the previous
works(ll'ls) in which the charge ratio QA/QH was found to be ca. 2 .
cilnan(!™) getermined values of the ratio q,/a, for various potentials
between 0.8 V - 1.6 V and vaxrious oxidation times. These charges were deter-
mined by direct integration of ( énpdic ) current;time curves. For potentials
higher than 1.6 V, the charge qo was determined‘by means éf the film
reduction procedure.

Unlike the behaviour found by Vetter and Berndtcj?) or by.Laitinen
and Bk 5), it was found that good cathodlc/anodlc charge balance ‘
( QA/QC ¥ 1) could be demonstrated at 0,95V up to 1.6 V E,. However,
the oxidation charge, qO/ZqH, relative to that for H aeposition ( assuming

p

1 H per Pt-atom of the surface } depends upon the anode potential and the

»
These formulae represent only the formal degrees of oxidation of Pt surface
atoms, i.e. the number of electrons passed, per Pt-atom, to achieve a given

state of surface oxidation. Théy do not. represent well-defined bulk chemical

compounds since only monolayers, or less, of the species are formed.

L



time-scale of the experiment, i.e. the\sharging current; thus, longer times
for the ;;rface oxidation arise at lower anodic charging currents and gene-
rate relatively more oxide‘dué to the slow kineties of film growth.
The question is what sort of oxide species are adsorbed on Pt

Asurfaces below O2 evolution remained to be answered. The structure was
examined théough the ratios of qo/z-qﬁ. If this ratio was 0. 5 then the
surface strﬁc%ure.could.coﬁsist ofs

(2) one monolayer of PtOH ( or of édsorbed OH-radicals )*

(b) 0.5 monolayer of Pt0 ( or of atomic oxygen species )*
and (¢) 0.25 monolayer of’Ptoz*. However, from Gilman's charge /potential
data(iu), it was only possible to conclude that below 1.2 V, the charge
corresponds fo less than that equivalent to one layer of chemisérbed 0
species on Pit. At higher potentials, the charge for film formation as O
was found to increase progressively. Between 1,6 - 1.8 V, it corresponds
to 2 PtOZ monolayer, but at higher potentials.multilayer formation was
Sonsidered to occur.

The valence states in these oxide films were deterﬁinéé58) by
dissolving the oxide layers in boiling HCl solution which gave Pt(II)Clﬁ'
and Pt(Iv)01§’ in a 6:1 ratio, from whiéh it was concluded that the ratio
of Pt0 : Pt0, states in the film was 6:1. ?reiter and &einingereg)
objected to this conclusion on the basis that some metaliic Pt may
also have been dissolved under the conditions of the expexriment. In
modern work, valence states of metal atoms in oxide films can be déduced

from X-ray photo-electron spectroscopy(é’ 601

*
See footnote on previous page.
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(ii) Newer Potentiodynamic Work: The cyclic-voltammetry method can

provide more detailed and quantitative information on the initigl stages of
oxide film foxmation if the proper resolution of i-V profiles is obtained.
One of the most important conditions for the satisfactory study of suxrface
oxidation processes is ultra-purity of the solutions, and éf the cell and
electrodes used. The anodic peak currenis must be independent of solution
stirring; obse;vation of this behaviour confirms the absence of impuriiies
that may be oxidized in a diffusion~-controlled process at ithe Pt surface.
The i-V p¥ofiles obtained under such conditions provide more details
about the development of successive stages of formaﬁion of Pt.oxide surfacéé
than do constant current charging curves. Each of the current peaks is
related to a distinguishable state of the oxide f51m on the Pt surface or to
the prcﬁerties of the successively occupied adsorption sites. Considering
. the fac£ that the adsorbed oxide layer is reduced over a different potential
range from that over which the film is formed,and that the i-V profiles
differ substantially in shape in the ancdic ahd cathodic directions, shows
not only that the kinetics of these processes are different but that the
mechanism of the reduction is different from that for film formation.

(

Conway et 31.61) examined time and anodic end-potential effects
at Pt, Rh, Ir and platinized Pt by using single and multiple sweep
voltammetry, The suxface oxide was allowed to grow at potentiostatically
controlled positive potentials in HClOu solutions for known times in the
range 0 to 600 s, and then the film was reduced in successive transients
at a fixed sweep rate. It was found that with increasing potentlal for

the electrode oxidation process there would be 2 shift in cathodic oxide

reduction current peak potential, EP' to progressivelly less positive
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potentials, It was necessaxy to determine whether this effect was caused
only because higher potentials for polarization were used or whether this
effect was associ;ted with greatex extents of oxidation that could occur
at higher poientials: the latter was the case. The chaxges 4. for the
oxide reduction vary in a linear manner with Ep ( potential of oxide
reduction ) up to a monolayer of OH ( 1 e per Pt-atom ) but between 2
s£ate of oxidation " PtOH " gnd "Po M, EP is independent of Use This
is probably because further oxidation‘of.PtOH to PtC can occur without
further addition of O-atoms to the suxface. Distinguishable stages of
oxidation as " PtOK " and " Pt0 " were recognized in the worﬁs of Will

(22), Gilroy and Conwaycéz) and Tikhomirova et al§63) for example,

y

and Knoxrr
the electrochemical adsorption isothexm, g, Vvs. potential, shows a break

at the PtOH ( 1 e per Pt-atom ) siage, as does the reflectivity vs. q,
(6%)

relation

Quantitative evaluation of the oxidation charge as a function of

1

" potential shows that a nominal monolayer of OH species ( 220 uC en? ) is
(65,66)

formed at 1.1V EH with further oxidation to a Pt0 monolayer at 1.4 V.

.Beyond this potential, further oxidation in the film occurs, giving even-
tually an apparent 1imiting(28) state of oxidation of PtO, (880/*0 cm_z).
However, under extreme conditions of anodic polarization at higher tempera-
tures  thicker fﬁlms may be observed(8'62’67’68).

While there are three brdad and overlapping peaks up to 1.1 V(69),
the overall anodic sweep i-V profile really corresponds to a progressive
and continuously increaéing state of oxidation of the surface with évehtual
thickening(?0’71). \

The nature of this " progressive " oxidation wag considered in

detail by Kozlowska, Conway and Sharp(sg) and by Tilak,Kozlowska and Conway

(72)
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They identified(So’6?'121’1&1) three anodic current pezks up to monolayer
OE coverage ( 1.1V By ) at Pt ( 1 e per Pt-atom ). This resolution can
only be achieved with very clean solutions, e.g. made up with ﬁyro-distilled
water(?B). It was therefore difficult to account for two different chemical
species, PtOH and PtO, as suggested by Bgld and Breiter(Sé), up to this
potential where only 1 ; per Pf—atom has been passed, although it is
possible that some PLOH 1s oxdidized to P%O in a parallel reaction with PiCH
formation, befoxe the PLOH monolayer is compieted.

Conway et algég) concluded that the resolution of the i-v
profile into three, well-defined peaks below OH monolayer coverage should
be attribuied to successive stages of occupation of éhe surface lattice of

Pt in three significantly different overlay lattices of OH on Pt. Each

-+

sub-lattice has a different structure jidentified as "PtuOH ', PtZOH "

or " PtOH ". The " PtaOH " sub-lattice corresponds to the first peak in

the i-V profile (OAI ) ( see Fig. 2 ) in which only one OH group is electro-
sorbed per four Pt-atoms. The maximum adsorption charge in that stage is
a = 55 C en™2. The second peak (04, ) requires an additional 55 uC —
to £il1 the“Pion”sub—lattice. To obtain the third lattice, a total charge
gy = 220 uC em~? is required, and " PtOH " is formed on the surface. In

the broad region beyond 1.1V EH’ " Pt0 " species arise after Turther
=
oxidation.

The stages of the Pi oxidation were written as:

Pt ' -+ H20 —'""‘P‘t]_*OH + H + e

. K -
P, OH +  HQO PLoOH + H o+ e
Pt,0H o+ HQ —=PtOH  + ¥ o+ e

( The formulae here do not represent stoichiometric compounds, but simply

the states of occupation of the Pt lattice as Pt/OH ratios. ) The
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. further oxidation ( 1 e per Pt-atom ) must proceed as(22'28'56'64)
POH—e D0 + H + e
., or by éhickening of the existing PtOH layer(sl).

The existence of reéular overlay lattice structures of adsorbed
oxygen or of iodine atoms froﬁ the gas phase on to various metal surfaces
is well known from LEED studies on chemisorption(7a'?5) and surface restruc-
turing at metal-"vacuum" interfaces.

| In the plateau beyond ca. 1.2 V structural details are not expected
1o be observed as the surface is then always fully covered in a geometrical
sense although further changes of state from OK to 0 have to occur.

The above scheme suggests that PO states formed at higher
potentials cannot begin to be fommed until a£ least some PtOH or rearranged
PtOH ( " OHPt " - see below ) is already covering the surface.

| The important fact that all species adsorbed in the anodic sweep
are reduced apparently in oﬁé cathodic peak, no matter how slow ihe sweep
rate, can be rationalized in temms of fommation of an irreversibly formed
rearranged surface phase of lower free energy than that of species progressi-
vely deposited in the anodic sweep.‘

' Such a rearranged,so-called " phase oxide " film can be more stable
than a two-dimensional chemisorbed layer of OH or O species on the Pt surface
since (a) lateral repulsions are relieved and (b) in the rearranged siate, a
two~dimensional surface latiice of PLOHPLtOH , or PLOPLOQ ... 1=
formed, which can be thermodynamically more stable. This would account for the
less positive potential for the cathodic peak of oxide reduction when oxida-
tion occurs beyond c2.0.95 V EH. The idea that a chemisorbed film of oxygen
species on a metal can become.rearranged into a two-dimensional phase oxide

lattice by a so-called "place-exchange"” mechanism:
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originated in interpretation of growth of oxide films on Fe in woxk by Sato
and Cohen(7 ) and in the treatment of chemisorption of oxygen on metals in
vork by Trapnell(77). It is also indicated from LEED and XPS work on oxygen
adsorption at metals where extensive two-dimenéional restructuring of the
metal suxface has been deﬁonstrated(7’6o'7u'78) upon adsorption of oxygen.

The idea of place-exchange was firsi applied to the Pt surface
oxidation problem by Reddy, Genshaw and Bockris 79180) uno observed ( see
below ) a difference in ellipsometric behaviour of the first 10-15% of
oxidehcoverage from that at higher coverages where significant optical
effects could be observed. They also wrote kinetic equations for the p;:ce—
exchange process as did Sato and Cohen(?6) for the oxidation of Fe.

1t must be mentioned that the germ of the idea of surface oxide
rearrangement originated in the work by Schuldiner and COworkers(So’al’Bz) who
for some years in the '60's, had proposed in an i1l- deflned way that anodi-
cally electrodeposited oxygen specles were in some kind of " dermasorbed "
state, i.e. in the skin ( Z derma ) of the metal surface. Thacker and
Hoare(68’83) took this view further and sought to prove that O became physi-
cally dissolved deeper in the Pt iattice and could even diffuse through Pt
but this behaviour was never substantiated. The first adsorbed oxygen is

detected(78), as also found in work of Schuldiner énd Roe(g’aa), between

0.8~0.9 V EH but “ dermasorbed " O-species are not detected until potentials
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>1.0V EH are attained. This is consistent with other evidence that the.
turmn-over mechanism sets in apprecigbly only after some small initial
degree of surface oxidation has been attained. &

Conway, Kozlowska and Sharp(sg) shovwed clearly by fast cathodie
sweep measurements at low temperatures (213 K) in H2804 that an initial
stage of Pt surface oxidation coﬁld be resolved which was formed and reduced
reversibly but that, with increasing positive potential, a further irrever-
sibly reduced species developed and eventually dominated the i-V reduction
profile. The two states of the film could be well resolved at the low
temperatures. Bven at room tehperature, but in alkaline medium, similaxr
behaviour can be demonstrated. These resulis showed clearly for the first
time in an electrochemical experiment that a reversible and irreversible
stage in oxddation of Pt can be distinguighed. For extensive oxidation the
reversible component is obscured by the much largeé irxeversible one, so
that the reduction i~V profile appears as an apparently single peak.

The presence of the initial reversible component, also indicated
optically(28’64)(see Section 5(i1i})},is very important in considering (a) the
mechanism of oxidation of organic substances and of H2 at Pt and (b) the
competitive adsorption of anions in the same potential region, of interest

in the present work.

(iii) Information from the Optical ( Reflectivity ) Behaviour of

Oxidized Pt Surfaces: From the ellipsometric parameters ( the

phase shift 2 and y the amplitude change of polarized light ) Reddy et a£?9'80)
were unable to detect any changes in A or Q until a sudden change of
optical properties became detectable at ca. 1.0V EH' Thus, the a and y

did not initially correlate with the measurable charge passed for oxide
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detectable film grows linearly with increasing potential up to 1.6V with
contgnuously changing & and¢ . Above ca. 1.0V the optical constants of
the £ilm differ sufficiently f:og those for the surrounding bulk medium
for the film formaticn to be detected optically. In 1ate; work by Greef(BS)
and by Conway et al§64’86), using more sen;itive instrumentation, it was,
however, shown that the very initial stages of film formation, down to the
Jowest oxide formation cha:ges, can be detected optically and the &4 , V¥
and relative reflectivity change does correlate with the oxide foxmation
charge. The optical behaviour in this region is reversible with respect
to increasing or decreasing coverage, but above 15% c;verage irreversibility
sets in, as is also observed in the cyclic-voltammetry curves(ég). However,
when a monolayer .of OH species is formed at 1.1V, a discontinuity was
obsexrved by Greef(85) between q and A . Hence, although more recent
eliipsometric measurements indicate(71’87'88) that the in¥Ftial film can
be detected as well as the rearranged " phase oxide " film, the conclusions
of Reddy et a1§79’8°) on properties of the oxide film abové 1.0 V'EH are
probably essentially correct.

The average thickmess of the oxide film at 1.0V EH’ when its

‘optical behaviour became detectable in the experiments of Reddy et al§79'80),

was estimated tp be 0.02 nm and the platinum " oxide" film was regarded as a
" monolayer film " pgrtially covering the metal surface. The potential at
which the oxide film starts to grow was also found to depend on the method
of sﬁrface preparation of the electrode. Reddy et algao) used a mechanically
polished Pt electrode, When sputtered platinum was used as the electrode(sg),

a definite oxide film phase was devkloped at 1.1 VEH. The values of the
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optical constants of the films are consistent with those reported(64) for
bulk PtO+H,0 but comparison with bulk materials is unrealiable for
surface phases. The optically measured thickness of this film incréases
with increase of the polarization potential.

Parsons and Visscher(s?) suggested that the reflectivity proper-
ties of the oxide film are constant,as no change in composition of the film
is cbserved at high potentials and therefore the optical behaviour can be .
répresented by a single refractive index. This conclusion diffgrs from that
of 0rd and Ho'%®) who found a change in film properties at 1.1 V B, (1e/Pt).
Howe&gr, this difference may be due to the different techniques employeé
1o foxrm the films., Assuming that the film is Pt0 and that the density is
4.9 g a3, they'S?) caleulated the film thickness from coulometric data(®7)
and compared it with that deriﬁed from ellipsometric daka. The oxide -
formed above 2 V corresponded to a }ayer over 0.8 nm thick. The average
thickness of the Pt0 monolayer would be 0.42 nmm if it were assumed that
qnly the first layer of Pt-atoms have modified optical properties as a
result of adsorption. This value is not very much modified if it is assumed

that the surface is completely ionic and that ionic radii of Pt2+

and 02- are 0.052 and 0.135 nm, respectively., In fact, Mcore and Pauling(gi)
report for the Pt-0 distance in PO, 0.202.nm, so the thickness of a plane
of O atoms on top of a plane of Pt atoms when a2 monolayer is reached would
be close to 0.4 nm. Such a'structure is oversimplified but the real dimen-
sions of the film cannot differ largely from the figures given above,

The oxidation of Pt surfaces below 1.1 V’EE' EH has been also
characterized by means of electric modulated reflectance measurements and

(64)

the behaviour compared with that found from impedance studies » In the
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modulated reflectance measurements, the chénge in EPe in-phase and out- of-
phase components of p (V)( =4( AR/H%/&V ) is found to increase sharply in
the range of 0.72 - 0.90 V. Then, as the potential reaches 0.9 V, f(V) drops
and a5 the potential reaches 1.4 V and then remains almost constant.
Also, above 0.9 V, the cathodic branch of o (V) is found to be different
Trom éhe anodic one to an extent depending on the potential of the reversal
of the anodic sweep. Similar types of curves were obtained from differential
capacity measurements(is'sa). |

As the oxide film starts to be formed on the Pt surface, the
( parailel ) capacity ( CP ) shows an increase from the Cy valué in the
range of.potentials 0.75 V to 0.90 V EH. At the same time, the reflgctivity
of the surface decreases as a result of the formation of the light absorbing
oxide film on the electrode surface. The drop in reflectivity at Pt surfaces
which occurs when about 10~ 15% of +the PtOH monolayer is formed mﬁst mean
that the continuing formation of OH on the surface beyond 0.9 V E; occurs
by a different mechanism from that for 0.9 V and involves the formation
of the place-exchanged surface phase(61’69;76) which is only reducible at
less positive potentials, Formaro and Trasatti(l?) re;ched a related
conclusion based on pseudo-capacitance measurements. They regarded the
change in the-state of Pt surfaces with potential as due to " strengthening "
of the Pt surface - oxygen bond in tﬁe course of oxidation,

(iv) Conclusion: It will be useful to end this Section with a summary
of the conclusions from electrochemical and optical measurements on su;face
oxide film formation at Pt. This is convéniently done by means of a2 scheme I
( see below ) of states in, and progression of, surface oxidation. The

hysteresis which arises between the oxide formation and reductlon processes,
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found in all the work since the earliest contributions in the '30's, is

. . L
due to an jrreversibtle transfommation of the electrodeposited OH aﬂd/or -
0 species beyond ca. 15% coverage as further increase of electrode poten-

tial and coverage takes place. This transformation is associated with a

place-exchange or reconstructioﬁ-of the Pt suxface as OH.br 0 species
are deposited, as shown in the scheme below. Accompanying the formation

of the initial PtOH stages, and continuing with more extensive surface
(92,93,9%) |

oxidation, -are important anion descrption processes 1n.e1ectro-

iytes other than OH solutions. These effects axe important in the new work
N o L]
+o be described later. ' ’

.~
. -

SCHEME T : CYCLE OF PROCESSES IN Pt OXIDATION
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é. ‘Platinum Qxide Film Growth

_While the extent and coverage of Pt anodes by!an oxide film

increases with'potentiél. as' described earlier, extension of the film or

\\“‘thigsfniné will always occur in time at a given constant potential. “This

is because a given coverage of 0 species at Pt is not 2 thermodynamlcally )
well de;1ned quantity at any potential as is the coverage by H. Such
behaviour arises on account of the progressive place-exchange prbeess
which is Kkinetically controiled ané allows more oxygen species to be .
deposited at a given potegtial with increasing time than would correspond
to the equilibrium- adsorptlon isotherm for that poientlal nxpermmentally,
the extent of g;;:th of the Pt oxlde fllm is logaxithmic in tlme(?o 71)
is also observed for oﬁde film growth processes at metals where tbicker
fidms are formed { Al, Ti, Zr, T‘a }. This type of behaviour was observed
by Gilroy and Comway©2) and later extended by Gilroyo¢'97). The lok
growth law agplies over 4~ 5 decades of time (96).

Oxd and Ho(go) considered that the Mott-Cabrera model for growth
of thick oxide films on base metals also applied to Pt. Similar views
have been published by DamJanov1c et al(98 99) but it is difficult to see
how the Mott and Cabrera high-field lon transport model for film growth
can apply to the very thin ( monolayer ) films that are initially present
on Pt anodes. However, there appears to be no disconitinuity in the film

growth kinetics betiween growth at monolayer levels and growth in thicker

- films at Pt(71) ( but still very thin in comparison with the oxide films at

base metals ). Possibly a succession of place-exchange events is involved,

as discussed by Sato and Gohen(?s) for Fe, rather than high-field transport
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of 1ons across an oxide §arrier 1ayer film,-
-4'- & -
A\numbbr qf theor1es of oxide growth on Pt have been presented

e.g. by Oxd and Ho(9°), Reddj Genshaw and Bockzis(?9’80), Vetter and

’ Schultze(loo 101) Gf!.roy and. Conway,( _2) . G:.l:'c'c:.y(96 97) a.nd in several

papers by Damaanovic et al(70 71, 98 99) We shall not examine these

treatments here as they are beyond the scope of the present work but it
should be mentioned that in aneodic evolutlon of 012 or 02 at Pt there »ill
1n1t1ally be two current componéhts ‘a small ‘anodic current for oxide

film growth and a much larger one for the main Faradaic reaction of Cl

& O2 evolution. The fllm-gmnwth'cur:ent wili ran;dly fall in a2 ;gg mannex’

with time to a vexry small fractionvof the total current and is normally

- ’ . . 7
negligible. However, the electrocatalytic properties of the developing

-"£ilm and ¥ts blocking ‘effests for anion adsorption, may have important

effects on the kinetics of the main redction which'is occurring on the
oxide film. This is one of tke. topics considgred in the new work reported

in 2 following Chapter of this thesis.

7. Charge-TIansfer'Across Thick and Thin Films

(1) General: When an oxide film is formed at a metal surface, trans-
fer of electrons and ions is usuzlly necessary: (2) for the film to
conkinue growing and (b) to sustain any parallel faradaic process such
as Cl2 oxr 02 evolution that may be occurring on its surface, depending
on electrode. potential and solution composition. The conductance of the
film is thereforé important for either of these processes so that the

Ohmic, and non-Ohmic behaviour of oxide films, determined by their properties

-
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a2s semi-conductors, is often a significaﬁf, if not dominant, factor in

anodic processes in the agueous medium.

(1i) Electron and Jon Transport in Films: Charge transfer across
oxide films is determined by three impoftant factors: -

(a) whether the oxide film is thick or thin;

(b) whether the film is homogenous andfcompact, or the struciure

varies across it; and
(¢) the electronic and/or ionic conductivity of the £11n(20),
Dpring. the oxide formation process on a metal surface, if no

other parallel reaction occurs, both electrons and ions are transpérted
through the growing oxide £11m, At the metal-film interface, cations are
formed in an interfacial electron transfer process afd if the resulting
cation migrates through the film and becomes further oxidized at the
outer surface of the oxide film, the balance of ihe eléétrons has then to,
be transported back through the oxide film from the oxide/solution inter-
face to the meial surface: This behaviour is observed e.g. on Fe electro-
des(99’102). The so-called low-valence oxide covers ﬁﬁe electrode surface
in the initial stages of the oxide growth up to 2 an. This film gradually
becomes converted into an oxide containing Fe3+ ions and if anodization
persists, finally a ferric oxide layer is formed. This means that for the'
oxide film to be formed there must be transfer of cations ox anions ( or
both ) through the film itself and in certain cases, electrons. The overall
rate of oxide growth depends on the rate at which charge flows through the
41n rether than on the Tate of ion transport(SY), Very thick £ilms
usually have high resistances and are regarded as a barrier to electron charge

transfif}/AISO a potential-difference noxmally exists across the oxide film
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and gives rise to an iR drop*. The overall potential différence, AV, is
the sum of the potential difference across the oxide film (a Vo ) and
that across the double-layer ( & Vi1, )(98):
AV = AVO + Avd.l. {5).
With small applied currents the thickness,§ , of the oxide |
film remains aimost. constant and small and thus 2 VO would be small. As
the film continues to grow in time, however.A V changes, Normally for
constanft current growth, the field AVO/S must:remaln approximately
constant. In the case of poorly conducting oxiée films such as on Fe,
where an oxidation from ferrous io ferric states is required, the oxide
growth depends on the rate at which electrons rathexr than ions aﬁe trans-
ported through the film, Damjanovié(99) states that this can arise in one
of the following ways: (a) electrons on the adsorbed ions.couléﬁbe ther-
mally injected into the conduction tand of the oxide phase from whgre
they can migrate to the metal surface; (b) elecirons tunnel through the
oxide film and (¢) holes are injected from the metal into the valence band
of the oxide and migrate in the field to the oxide/solution interface
whefé they combine with electrons from adsorbed ions, e.g. OH *. In
the case of thin oxdide films on metals grown in atmospheric 02, the
original Mott-Cabz'era(103) theory is usually considered, in which an

electric field arises across the film by electrons which leave the metal

*In the case of thin films, i.e. for sufficiently high fields across the
film, the resistance in the film, associated with ion transport is non-
Ormic. That is,the transport rate in the f£ilm is an exp rather than a
linear function of AVO. Ohm's law follows as Particular low-field case.
#This statement does not seem altogether correct unless 02 were to be
evolved as a parallel process at the oxide~solution interface , consuming OH.
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surface. In an anodic prosess, this field is provided by the externally
applied potential differ;ncé. The rate-determining stép was assumed to be
the movement of ions through the metal—o;ide interface undex the influence
of the external field but Cabrera'l®%) pointed out later that «hen thin
£91ms are considered transfer of electrons through the film should be
also taken into account. '

In the case of passiye Zr in acid solutions of NaZSOh, the film

gioS). In the study of Teduction of 0, at Zr0,, so-called

involved is Zx0
dual barrier charge-transfer through the film is assumed to play a predo-
minant role. The thin oxide layexr, forming a barrier to charge transfer,

is in-series with the double-layer electron charge-transfer barrier, Whether

ion transfer or electron transfer would be favourable depends greatly on

_whethexr the reaction is proceeding at low or high current densities. When

the film is established at low current de#sities, it is assumed(105) that
the rate-determining step is the transfer of electrons through the film
to adsorbed oxygen species at the surface. Charge-transfer through the
surface would cause formation of OH species, so at low curreni-densities
there would be an equilibrium OH_ . + H30+;==£!2H20 , while this
reaction would be polarized in the case of high current densities.

The precise mechanism of charge transfer through films is some-
times difficult to identify. If tunneling of electrons occurs, it will be
extremely dependent on the thickness of the oxide film and its rate
becomes negligible beyond 5 nm thickness(106); As the oxide layer continues
to grow, there must be a trensition beiween electxon- tunneling to ion

(107’108). Fromhold and Cook(loa)

migration as the rate-controlling process
calculated that oxide growth is controlled by formation or migration of

ions in the initial stages of the oxide formation. As the oxide film
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continues to grow, tunneling becomes rate-controlling. Such behaviour
. could be applied to Pt since the initial oxide growth on Pt was found
to follow an inverse log law(log) wtil 2 thickness of 0.6~ 0.7 nm is
reached. After that the oxide proceeds to grow accoxdipg to the direct
logaxithmic law(88’99). ) .

Formation of ;xide films on metal suxrfaces ié sometimes
accompanied by a parallel reaction which occurs on the oxidized metal
surface, e.g. O2 or 012 evolution. Then the total external current is
divided beiween that associated with the film growth and that required
for the parallel reaction. The xatio between these currents nommally
changes with time as the oxide film grows and eventually attains a
steady thickness; then the total current is close ito that for the parallel
reaction. In the case of some films, there is a change of valence state
in the film which makes the film a degenerate semi-conductor so that there
is no barrier to eleétronic conduction across the film for the parzllel

-

reaction.

(11i) Ohmic Besistance: It has been mentioned eaxrlier that the

growth of the oxide film on a Pt anode is not limited to a ﬁonolayer

but at higher potentials ( above 1.1 V Ey ) the quantity of deposited °
oxygen not only exceeds a monolayer but an increase in thickness of the
film oécurs with increasing potential(a’li'14’61'6?'79’95). It has been
found that under severe conditions of anodic polarization, two types of

oxide films axre generated(74’llo):

(2) an oxide, a , e.g. Pt0 reducible over a broad potential
range, is formed only to a limiting amount(67’111'112); and

(b) an oxide, g8 , e.g. Pt0, which is reduced over a narrow



potential Iaﬁge, extending Into the H deposition region, i.e.
much more negative than that for oxidea , and which grows at
much slower rate, forming a multilayer(113).

These two types of oxide layers were shown by Shibata(s) to have
different conductivity properties. Naturally the conductivity behaviour of
the oxide film is of interest in regard to processes such as anedic 012 or
02 evolution which take place on the oxidized anode suxface. Normally the
oxide film at Pt is thin enough ( 1~ 2 monolayers ) that conductivity
( tunneling of electrons through the film } is not a limiting factor in
ancdic process at this metal, Shibata(s) formed various st;tes of the
surface oxide at Pt electrochemically and detexmined their conductivities
in a dxy state, ex situ , in a sandwich-like cell between Hg contagi
electrodes. The oxide films were formed for various periods of time 10 s
to 210 min,at 318 X with a curxrent density of 0.2 A cm-z. The state of the
oxide films formed under these conditiqps was evaluated by a galvanostatic
cathodic current pulse or by a linear potential sweep.

Only the PtO oxide & was formed when t € 4 min. This oxide had
virtually the same conductiviiy as Pt until a film corresponding to a
reduction charge > 21OOFC cm—2 ( ea. 5 PtO layers ) was formed, Ord and
H0(90) estimated, from ellipsometry, the thickness of the Pt0 monolayer
to be in the rahge 0.08~0.16 nm; the conductivity of this layer is equal
to that of metellic Pt. Beyond the 2100uC cm~2 extent of oxidation, the .
resistance of the.fibm increases, an effect that was ascribed to develop-
ment of the g type oxide, The thicker layer 8 oxide, " Pto2 ", was found

1

to exhibit a conductivity of 0.67x105 0 c:m"2 area per monolayer thick-

ness in the direction normal to the Pt surface. The .specific conductance of the

-
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8 oxide could not be exactly evaluated as the precise thickness of the

g oxide was uninown. The factor which might be assumed as correct is
that the monolayer thickness of PtO2 is larger than that of PtO. If it
could be assumed that the PtO2 layer is at least twice the size of the Pi0
layer, then the caleulated value of specific conductance of 8 oxide is
about 1.1 - 2.1x10708 " et -

Except at very high anodic current densities for 012 or O2
evolution, the less conducting thicker £ oxide film will not normally be
formed. Hence conduction problems in the Pt surface oxide film will not be
significant in the kinetics of these processes under ordinary conditions,
as they are at metals such as Ti, -%x, Ta, where thick insulating films
are normally present on these metals when they are used as anodes. Signi-
ficant ohmic resistance of the Pt oxide film would also distort the i-V
profile for Pt oxide reduction in cyclic-voliammetry as shown by Stonehart,

Kozlowska and Conway(SI);such effects are not observed experimentally.-

8. Reactions that Take Place on an Oxide Film

’/

(1) Types of Effects of Oxdide Films:/Oxide film surfaces at anodes

play a role in a mmber of continuous Faradaic electrochemical reactions
either directly, by modifying the energy of adsorption of reactants or
intermediates on the surface or indirectly, by changing the catalytic
activity of the surface, 4 nmumber of reactions occur under conditions
where the electrode surface may have elther an electrodeposited layer of
oxide, which may be very thin or exists in patches, or when an

adsorbed layer of oxygen is present. Such films can have an important

effect on the reaction kinetics of othér'parallel processes occurring at
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the electrode surface. For example, 02 evolution or reduction of oxygen
and oxidation of hydrogen ( as H, ) exhibit different kinetics and mecha-
nism on oxide-free and oxide-covered surfaces(lla’115'116’11?).

In the ‘case of Pt electrodes, thexre is only 2 narrow range-of
potentials over which the electrodg'is free from either adsorbed H atoms
or oxygen species, dependent in magniitude on whether the electrode is in
an acidic or alkaline elecirolyte, Other metals such as Ru or Ir have
narrower ranges for existence of the " free " metal surface, depending
on ion adsorption. Therefore, it is common. to find that anodically
formed oﬁide films play an imporitant role in influencing parallel

(118,119)

reactions , such as O2 or C12 evolution, or oxidation of organic

COmpounds(120,121,122,123)

, that begin to occuxr at ceriain potentials
in particular electrolytes.

The anodic axide film can have three principal effects on 2
parallel reaction at an electrode surface:

(a) It blocks the initially free metal surface on which the parallel
reaction may have previously been occuxrring (. passivation or
inhibition effect ), e.g. see refs. 95,123.

(b) when the oxide film has been formed, it has usually different
electrocatalytic properties for the parallel reaction than the
free metal surface so that the reaction's mechanism can be
changed, e.g. see refs. 109,124,125.

(e) fhe " blocking " oxide film may be relatively non-conducting
and lead to a so-called(zo) " demetallization " of the“surfacel

This effect usually occurs only on baser metals that form thick

films or poorly semi-conducting films, as on the valve metals.
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Several common " parallel " reactions that occur in aqueous
solutions, e.g. 02 or 012 evolution,or the Kolbe reaction, proceed only
on an oxide-or partially oxide-covered surface since the potentials for
;heir onset arise above those for the, initial sitages of surface oxidation
of the substrate electrode metal. Then, with increasing anode potential,
the changing state of the oxide film is reflected in changing kinetics
of the parallel reaction that proceeds on its surface.

Boclris and Huq(lzn)

showed that the catalytic activity for the

, 02 evolution reaction at Pt decreases significantly with time of polarization,
e.g. at a given constant current density, the extent of suxface oxidat;on

of Pt electrodes increases logarithmically with time of polarization,

so that the decrease in catalytic activiiy with time is a consequence of |

the continuous increase in the extent of formation of the anodic oxide film.
A similar effect was observed at Au electrodes(126). Also the rates of O2
reduction at oxide-free Pt, Au and Rh electrode surfaces are Ffound %o be
about two orders of magnitude higher than the rates for the same type of
reaction on oxide-covered surfaces(iz?).

For reactions such_a; anodic 0, or Cl, evolution, which necessarily
go on, in aqueous solutions, on an oxide film, the catalytic properties of
this film can be indirectly controlled by use of alloy metals as the substra-
tes. This can lead {o mixed oxide films having advantageous catalytic
properties for the pérallel reaction cceurring on the films(119'125'128).

The catalytic properties of transition metal anodes and their
affinities for O-species are related ( e.g. refs. 129,130 ) to the
electronic band stMlicture of the metal, e.g. the " d-character “(131) of

the " dsp " hybrid bonding in the metal lattice or the number of " d-holes "
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per atom, viz. the mumber of unpaired d-electrons.

(ii) Inhibition Effects in Parallel Reactions: With increasing

potential, the developing oxide £ilm at anodes usually first inhibits any
parallel ( continuous ) Faradaic process that may initially be occurring
on the suxface. Virtuaily complete inhibition is called " passivatibn "
and arises not only in the familiar case of anodic metal dissolutiocn bu;
also with other anodic reactions., Inhibition arises for two reasons:

(2) blocking of the original substrate suxface on which the reaction

was prnceeding;'and

(b) change in the nature ox activity of the sﬁrface by the bl;cking

oxide film. *

Rates of reaction can decrease markedly as an oxide'film is
formed on 2 metal suiface, as is found in the study of the oxidation of
H2(116’11?).or hydrocarbons(123'132) at catélytic noble ?etals; this is
a passivation effect. In this case, the oxidation turrent is initially
diffusion-controlled over a range of anqdic potegtials‘<0.8 Y EH at Pt
but becomes activation-controlled after formation of the initial stage
of the oxide film. With some organic substances, e.g. CHBOH at Pt(133_135),
the initially deposited oxide species ( Oy < 15% } is reactive with the
organic residues derived from dissociative chemisorption of the organic
subs , but the more developed oﬁide film is not.

Tn 2 mmber of cases, as the oxide film is completed oxr becomes
somewhat thicker, the ﬁarallel reaction can continue but at a different
rate and over a different potential range than it did previously on the
" bare " metal. Usually the adsorptive and electrocatalytic propexties

of an oxide-modified surface of a metal are quite different from those of
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the free metal it;elf, and the mechanism of the parallel reaction may even
be changed., The variation of rate of the parallel process with increasing
potentialfthen often takes the form of an " S-shaped " relation with the
current first increasing exponentially with potential on the bare metal
surface, then decreasing with potential after an inflection. This is
usualiy followed by a further increase with potenti;l but with®the kinetics '
and mechanism are characterized by different i, ( exchange current ) and |
Tafel slope values from those for the same ( overall ) process on the
bare metal. In certain cases, the anodic process on the oxide film may be
not only kinetically but chemically different from that on the metal, e.g.
in some organic or inorganic oxidation reactions.

These aspects of the effects of oxide film formation on other
continuous Faradaic reactions that may be occuxrzing on the ancde surface

are of special interest in the new work reported in this thesis.

(11i) " Demetallization " by Oxide Films: In the case of valve

.metals, a thick almost non-conducting oxide film is normally formed upeon
anodization. This means that all other reactions which might otherwise
occux on the unoxidized surface e.g. a redox reaction(136’13?) or Hz(lié’ll?)f )
02(115’124) or'Clz(llg) evolution tend to be inhibited by the oxdide film.
This arises for twe main reasons: (i) +the original metal surface sites
are completely blocked by the oxide film and (ii) the oxide film
provides a barrier to electron-transport required for a continuing elec-
trochemical reaction to occur. The conductivity of the film depends on
the band—gap,‘Eg, or on the presence of impurities,

An attempt was made by Vijh(138) to generalize the forgoing

behaviour in terms of the solid-state properties of the oxide films at

k3
H2 can be evolved on valve metal oxide surfaces without their reduction
due to the high thermodynamic stabilities of these oxides.

L
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various metals. Most metal oxides of the valve-metal.group have exothermic
heats of formation, AH, , greater than 46 kcal'(évz ev ). A gener%l
relation seems to exist(i39) where the band-gap Es-of the film increases
in proportion to aH ( Eg‘—' 2aH, )_ This means that oxide films grown
on the valve metals are highly insulating since the band-gap values are
high. Such high band-gap values vesult in low electronic conductivity
and hence low rates of parallel reactions on these metal surfaces.
Therefore, upon anodization, ionic currents result and lead to oxide
film thickening., However, with a sufficient field across the oxide
barrier, parallel reactions can be made to occur.

- Thé electrochemical behaviour at the semoconductor oxide/solution
interface is largely detexrmined by the effective band-gap of the oxide,
while chemical factors are involved mostly with the formation of defects
.ﬁn:ing anocdization.

The change of properties of a metal surface when a high band-
gap film is formed upon it was referred to by Vijh(20’139) as " demetalli-
zation ". When demétallizing barrier-layer films are formed on base metals
they usually give rise(los’luo) to abnormally high Tafel slopes fox any
"parallel” reaction going on on the film due to the 3involvement of the
» £:1p barrier " for electron transport in series with the iegular
activation barrier for the electron iransfer process across the double-
layer at the oxide film/sclution interface. This effect axises because
the potential drop ( egn. 5 ) across the double-layer, AV, , , where the
electron transfer process in the reaction occurs, is only some fraction

¥ of the overall metal~film-solution potential drop, AV. Hence the apparent

barrier symmetry factor is BV; . = 8 v AV, so that the slope of AV wvs.
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log-i plots is RT/gy F for a l-electron transfer process.
With Pt and other noble metals, the ox?de films nomally
developed during processes such as 012 and 02‘evolution do not
" demetallize " the surface so that electron transfer across the film

is not usually a limiting factor in the kinetics of such " parallel "

reactions. From an electrical charge—transfer point of view, reactions.

such as d2 or Clé eéolution occur easily but not without some majdf

influence of the-oxide f£ilm oh their kinetics for non-electrical

reasons, as will be shown in the present work.

Similar concluszons apply to certain base metals such as Ag,
¢n, Co and Ni- which form telatively thlck ( 30 - 40 layers ) films of
the metal oxide._In theselgasqs, however, mixed-valency oxide films

are formed which have aépreciable electronic conductivity. These films

are also ‘more porous and hy&iatéd-than those on the valve metals,

s

o
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CHAPTER II

ELECTROCATALYTIC EFFECTS OF THE OXIDE FILM IN Clz_

EVOLUTION AT Pt

1. INTRODUCTION

(1) Statement of the Objectives: The production of Cl2 as a major

" heavy chemlcal " has contlnuously expanded during the last three decades.
The two commonly used processes for its gene*atlon( 142) are: {a) the
chemical convexrsion of HCl into 012 via the Deacon process and (b) far
more competitively, the electirolytic production of Cl,e

With regard to ﬁhe latter process, the use of carbon ancdes
has been common for many years. However, more recently, in oxder to
diminish 012 overvoltage and associated power losses and increase anode
lifetimes, much attention has been given to the study of the behaviour
 of various noble metal and noble metal oxide surfaces which are currentlf
being used as improved electrocatalyst surfaces for commercial electro-
chemlcal 012 proda.zc‘t::;.on(1}"'3 148)_ These are;
(i), titanium electrodes coated with noble metals of the platinum

group (ﬂ-g‘. ﬂPt,".Pd, Ir, Rh )(142'143) and
] R (i1) tltanlum elegtrodes coated with oxides of Fu and Ir(iua-lka)
Although Pt is considered one of the best catalysts it is not

commer01ally used since it is expensive and it is also known that Pt electrodes
undergo strbng passivation and some corrosion when used as anodes for 012
jproch.nc:ti.on(1'11'2 143). However, Ti-supported Pt-Ir alloy anodes have shown

-
9.
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much better performance since Ir contents as low as 0.5% were found
sufficient to eliminate almost completely the passivation effects(lh?) .
Special attention has been-given to the siﬁd& of the.electro-
chemical gehaviour of metal oxide films, particularly Ru02, on a passive
“metal support such as Ti/TiO2 in the so-called dimensionally stable

‘)( 146'1“8'149).Such oxide films have been found

anodes ( "DSA" electrodes
not only to be good conductors but it is likely that they play an impor-
tant role in the kinetics and mechanism of anodic Cl2 evoluéion; It may
be expected that the electrocatalytic properties of noble metal surfaces
will also be considerably changed when oxide film Fformation occurs during
their use as anodes ( Chapter I ).

From the general electrochemical properties of the noble metals
reviewed in Chapteé I , it would aﬁpear that, in aqueous media, Cl2
evolution should procéed on an oxidized or QArtially oxidized surface

of the anode metal since most metal surfaces are already oxidized at
potentials below, or close to, the 012 reversible potential ( standard
value = 1,358 ¥ E, )(150 ). This Qould suggest that it is thelproperties
of the surface oxide film on the metal anode that are of greater impor-
tance for the C12 evolution reaction than the properties of the bare ‘
* metal surface itself, . )

The first of the new work described in this thesis deals with
this gquestion and repoéts a comparative étudy of the electrocatalytic

behaviour of an unoxidized Pt andde surface, which can be obtained in

anhydrous triflydroacetic acid ( TFA ) with RbEl as“electrolyte, with that
. \\

of an oxidized Pt electrode surface in regular aqueous KCl solutions. Hence
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medium can be determined in relation to the kinetic beha;iour of Cl2
_evolution on an unoxidized Pt metal surface. Other factors also enter into
this compariédn and will be examined in detail later.

In aqueous medium, the probability that most anode surfaces
involved in C12 evolution -will be cavered‘to some degree with an oxide
film, and the potential-dependence of the extent of fommation of such a film.
_are important factors in the study of anodic Cl, evolution kinetics. In the
early work, the role of the oxide film was not well understood but later
vorkers recognized this matter as one of importance. It is also related
to the questicn of anodic O2 evo}ution as a parallel anecdic process.

—t

(ii) Previous Work on Anodic Cl2 Evolution: The 012 evolution reaction

occurs at 1.358 V E, at the standard C1~ concentration and thus, in agueous
solutions, the reaction normally proceeds in parallel with oxide film formation
and theoretically with O, evolution ( standard potential 1.230 V.EH (?503).
Oxide species at the electrode suiface are said to have an inhibiting effect
h both the formationtt20r15L) ina reductiont 5L of Cl,. Early studies on
the 012 evolution réaction were made by Chang and Wick(lsz)'on Pt and Ir
electrodes in 1M HCl electrolyte, using steady-state polarization techniques
in both the ancdic and cathodic directions. They found that the N vs. log 1
“relations weré curved so that the curxents at higher overpotentials were
smalier than expected from @ linear Tafel relation.
Such behaviour was already mentioned by Glasstone and Hickling(153)

who made the same type of measurements andgfound that the 012 evolution
reaction occurring at the anodes caus;s a change in‘ihe anodic behaviour

of the electrode. At higher overpotentials(153’15u), after 012 evolutibn
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commences, a Subsequent determination of the potentiai—time plot gave a
sudden rise of potential of é few hundred millivolts as the reaction
proceeded for some time. This has been interpreted as due,ko passivation
of the electrode by the formation of surface oxide(153-155) or to depletion
of C1™ ion concentration at the electrode surface(lsh). The i-V cuxves
exhibit the same type of the behaviour that was attribﬁfed to adsoxrbed

(155). This has generally not been found in subseguent work.

oxXygen
One of the main concerns in the eaxrly work on 012 evolution

kineticé was to determine the extent to which co~evolution of 0, occurs
156)

at anodes as a parallel process to 012 evolution. Hic found that
addition of NaCl to a solution in which O2 had been evolyed anodically at
Pt electrddes resulted in a rapid decrease in the potendialland that the
predominant process then became Cl, evolution,

Frumlkin and Tedoradze(157) stydied .the

HC10,, and H,S0, as supporting electrolytes con ing small cofcentations

of*C1” ions ( less than 6.3%10°% ¥ C1~ ). They fo that the Tafel relation-
ship for the plots V vs. log i was linear and Proposed ‘the follold

mechanism for/ the reduction reaction:

| M + 012 j e M-Clads + €1
‘M-Cl1 + & e 1T .+ M X
ads .
in which the two_steps are comparable in rate and both back reactions ‘E;

are negligibly slow at moderate overpotentials.,

Tedo¥adzg(155) studied the trend in anedic potential/time curves -
and confirmed that mo significant 0, evolution occurs before oxddation of
-Cl” ions commences on Pt surfaces. He pointed @ut that the anoéic behaviour

" of Pt in chlorine solutions is a complex ‘one since the nature.of ‘the anode



“_ééw:‘w&E%_HHHHH

Trmm—

surface changes with increasing anodic polarization ( due to changes of - o
surface oxidation - cf. Chapter I ). He éuggested that the mechanism of

"~ the C12 evolution process involves two stéps: one being the discharge‘of
C1~ ionswon Pt surface oxide which occurs at low current-densities and

low overpotenziais and also low C1 ion concentrations, and the otﬁér,
the so-called recombination step which was assumed to take place a{ higher
overpotentials-and higher éuxrent—densitiés;‘vi%v

M o+ Claq. — M-cj'ads. + e .

2M-C1_. Clyiag.y 7 2M

It was considered that the rate-determining step in the oxidation of c1”
jons involves one electron. The discontinuity in the V-log i curves at
relatively high overpotentials and high current-densities iwas ascribed
to the 0, evolution reaction. Atllow overpotentials, however,.the
O2 evolution reaétion does not teke place significantly before oxidation
of C1~ ion, although the formation of Pt surface oxides may take place
under these condit;ons(155).

Llopis and Sancho(lﬁa) considered the competitive adsorption of
C1~ ions and oxide species on Pt surfaces and suggested that . only
at the pdtentiai of 1.6 V By with a corresponding current- density' of "
63 mA cm© in 2M NaCl colution , is the inhibition of gxide formation or
oxygen adsorption overcome. In 0.5M N;Cl solution the requifed éﬁrrent— )
density at 1.6 V E; needed to reduce innibition effects was found to be
8 mA om 2, As the oxidation of the Pt surface takes place, there was assumed

to be a change in the kinetics of the reaction

M-CIads. + Cl ———-'?%2 + e

leading to a reduced rate of the C12 evdlution reaction.
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e Ershl¢;£}59) observed that, for a given potential, the current
diminishes exponentially in €1~ ion solutions as the fraction of the
surface covered with the oxide film increases. Littauer and Shréir(160) ‘
studied the behaviour of Pt anodes in NaCl solutions and found that the

" potential jump " occurs at 1.6V By for a range of current-densities
from 2-100 mA em 2 corresponding to various concentrations and pH's.

They also observed that the nature of the electrode is altered and the
saﬁe type of i-V curve as initially observed(iso) could be obtained only
‘after the electrode surface was rigorouslf cleaned. The explanation of that
behaviour was given by taking into consideratioé the formation of an
oxide film and/or discharge of 0, molecules at the anode surface. They
noied that thermodynamically the potential for 012 evolution, according to

the process

cL + 26—=2C1,

2
is determined by -
E = 1.359 + 0.0295 log PClZ - 0.059 log aél-
while, that for O2 evolution acéording to the process
0, + M & k280,
is given by
E = 1.230 - 0:059 PE + -o.!s log pOz

This implieg fhat the oxidation of OH ion ox H20 should occur in p:eference
to the oxidation of C1™ ion. Hence the observed evolution of Ci, as the
predominant anodic reaction'axises for kinetic rather than thermodynamic
reasons, The " potential jump " in the V vs. log i relations arises when

012 evolution reaches 2 limiting rate so that, at sufficiently high

-
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potentials, a new V vs.log 1 relation for 02 evolution dominates the

(160); then the extent of surface oxidation is

(161)

electrode kKinetic behaviour

incrEased(152'155). Thus Littauer and Shreir observed two linear

Tafel relationships for the current-density range from 2-100 mA cm-z, At
low current-densities, the oxidation of the Pt surface was considered as
only 2 minor process leading thus to 012 evolution either on a free Pt
surface or on " patches " of a film of chemisorbed Pt-0 or Pt-Cl. At high
curreni-densities (~150 mA cm-z) the discharge of Cl  ions occurs on an
oxidized Pi-surface, since the electrode was considered to be covered

wiéh a stable oxide or perhaps chloride film(léo).

As the Pt surface changes supposedly from an " oxide-free "
surface to an " oxide-contaminated " surface, a rapid increase in potential
can be observed(léo); the current-density at which it occurs was found
to be dependent on the solution composition. On the other hand the rate-

controlling "step of the reaction was considered by Tedoradze(155)‘to be
the discharge of ¢l ions. stever, it was stressed by Littauer and Shreir(lso)
that the kinetics of the reaction must be much more complex since it was
recognized that the coverage ‘of the surface with oxide should be also

taken into consideration. Measurements of the extent of surface oxidation

were not, however, agtempted in that work.

Dickinson, Greef and Wynne-Jones(151) made an attempt to study
the formation and reduction of Cl, at Pt electrodes; they supposed that
-both these processes would be inhibited by the oxide film formed on the
electrode surface. it was assumed that oxide formation would be a rather
slow process in concentrated Cl~ ion solutions, such as 1M HCl, but it

was found that the extent of oxidation of the electrode varied narkedly

with increasing potential and therefore they were unable “to obtain i-V

r
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curves at constant oxide co&erages in the anodic direction of the reaction.
However, in the cathodic direction ( C1, reduction ) it is easiex to
obtain constant oxide coverages above 0.9 V, and therefore they were able
to obiain a series of i-V curves for the Clz reduction proéess at Pt, at
different ClT jon concentrations and different oxide coverageé. Théy took

into account the results of Balashova(iéll and of Breiter(rsz)

and Gilman(*63)
whe indicated that the extent of Cl~ a2dsorption on oxidized-electixrode
surfaces is determined by the degree of oxidation of the electrode. Dickinson
et al§%51) noted that, most probably, oxide coverages.of the surface and
thus the quantity of C1~ ions adsorbed,depend on the pre-treatment of the
electrode. They indicated that as the quantity of oxide increases on the Pt
surface the rate of Cl2 reduction would decrease at constant potential. The
oxide-covered sites were assumed to be unavailable for thejreaction 1o occur
and thus, as the available surface is decreased, the standard free enexgy
of adsorption of intermediates(gs) would Tise, tending to c;use an
inhibition (11?’164)of the 012 reduction reaction.

Since non-linear V-log i relations were obtained, Dickinson et al§l51)
proposed the following simple mecha;ism for Cl, reduction :

C Mo+ Cl-M + C1°
T2(aq.) e=== (2a.)

Cl-M + &—=H + 01”(%)

in which the desorption step was supposed to be rate-determining, .but

comparable in rate with that of the back reaction of the first step.

With increased oxide coverage, the rate of the reduction process decreases

but there was no evidence that the mechanism of the reduction changed.
Further studies on the role of oxide suxrfaces in the 012 evolution

reaction Was provided from the impedance studies of Pt electrodes in

R

o
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012/01_ solutions as obtained by Llopis and Vazquez(165). They observed

that blocking of the surface due to the surface oxide formation leads to

& passivation of the electrode, by forﬁing so-called inactive areas where

électron-transfer is strongly inhibited. In the case of the C12/Cl_ couple,

the poteptials at which oxidation of 012 occurs are high enough to allow
oxidation of the electrode.. The oxidation of the Pt surface would cause

a decrease in the exchange current of the overall process. In thé case

of Br2 evolution, the potentiais at wh%ch reaction commences are less

positive than that of O, evolution and therefore the ‘fraction of the

" oxide~blocked surface is small and- most prodably does not afiect the

Br2 reaction. In the case of 12 evolution the reactants have great tendency

to be adsorbed on the elec-tréde suxface so that the surface oxide has

only aAminor influence on the reaction.

Further information on the role of the oxide surface in 012 evo-
lution reaction was rep&rted in the papers of Faita et a1(1u3’144’166).
They obtained mixed oxide coated electrodes by thermal deposition of Pt
and Pt-Ir alloys, as well as Ru02 on titanium mairices, The procedure was
based on kmowledge of the rather irreversible oxide formation and reduction
on Pt surfaces compared with the relatively reversible oxide formation and
reduction in the case of Ir electrodes(lé?). They also took into zccount

(162)

Breiter's observation that the formation of the oxide film on Pt

surfaces starts to develop at moxe positive potentials in solutions
containing halide ions than in their absence. The amount of adsorbed oxi&e
species was found to decrease with increasing halide ion gbncentration.
The formation of the oxide film on Pt was considezed(iaz_lu#)to cauée a

(143,144 ,166) -

passivation effect onkthe 812 evolution reaction, dependent on

Cl™ mass-transfer. The presence of IT on Pt ( e.g. at Pt-Ir alloy surfaces
' P

-
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with even only a very low Ir content of 0.5% ) was found to minimize
passivation effects. When 30% Ir is present, no passivation effect was
observed for the same experimental conditions for Cl, evolution(166).
Faita et 1(143 16k, 166) considered also Breiter's statement(lsz) that
oxide formation disappears almost completely when the 1.~ ion concentration
is higher than 10”21, They assumed that it is more likely that oxide-forma-
tion is slowed down considerably so that C1° ions are aischarged at a Pt
electrode surface at low potentials only when the.surface is free from
electrodeposited oxide. The rate of oxide formation is inversely proportic-
nal to C1” ion concentration and increases with increasing electrode
potential, In the case of Ir, a more reversibly formed oxide is denoszted
already at low anodic potentials so that the Cl evolution reaction must
occur on an oxidized surface in that case. In the case of Ru02. the electro-
chemical properties are similar to those of Pt and Pt-Ir alloy electrodes;
linear V-log i relationships wexe obtained,-giving rather low Tafel slopes
of 30-40 mV, Such low values can be é@lfined through the following
mechanisms:

- -4

cm == Cl, * ° (1)

201 o €1, (2)

in which step (2) was considered to be rate-determining.

Yokoyana and Enyo’ %) made a detailed study of the i-V and
reaction oxrder behaviour for 012 evolution and reduction at Pt, Ir and
‘Rh electrodes imn 1M stou solutipn with various Cl  ion concentrations.
They concluded ?hat_Cl- ion discharge was rate-controlling in the anodic
direction fo}lowed by C1' recombination. Theif conclusions will be
discussed in more detail later in relation to the resulis of the present

1

work. . o
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Kuatn and Wright(1%9) a1co studied the C1, evolution reaction on
Pt, Ir and RuO, electrodes in relation to (a2) the different amounts of
oxides which could be formed on these surfaces and (b) the different
elect:ocatalytic properties of these surfaces. They did nof find in the

case of Pt any evidence for oxide formation below the Cl, €vVolution

2
potential'in cyclic-voltammetry experiments. As the sweep moves towards
more anodic potentials the Cl™ ions effectively block the tendency for .
the electrode surface to develop A surface oxide film as found by Breiterclsz)
and alsoc in the present work. In the case of Ix, it was found that the

oxide film formed on thelsurface is not eas;ly reduced above the Cl2
evolution potential, In strong Cl ion solutions, there was no evidence

found for the specific adsoxrption of C1 ions at Ir, Ruthenium electrodescl?o’l?l)
easily form an higher oxide at high anodic potentials in 0.5M H2304(172).

This oxide was characterized as Ruon'and was found to dissolve partially

as HZRuD5. In strong C1  ion solutions, such behaviour occurs more

readily but the suxface could be modified easily by continuous oxidation

and reduction procedures.

A thick film of coherent oxide was alseo found on the electrodes

at potentials where Cl. is evolved, by Kuin and Mortimer\iS)

2
linear V-log i polarization behaviour of Ru02 and Ix0

. The non-
> seems to bé the
same since both of the metals produce fairly thick oxide films. These :
oxldes were classified as n-type semiconductors(145).

Arikado et algi?B) used the thermal decomposition method to

L]

prépare Ruo2 electrodes which they characterized later electrochemically.

. They found that, upon longer anodizatibn, the Ru elecEroaes became modifiéd.
This waé ascribed to oxyzen pemeation into the eleétrode bulk but it may
simply have been due to thickeﬁgng of the oxide film [ see Chapter I, -

S t—, -

S
4
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Section 3. (iliﬂ

Krishtalik et al(l?u 175) studied Cl evolution and ionization at
RuO2 TiO2 electrodes. In their first paper(l?u), they showed that the Cl2
evolution reaction proceeded through = complex mechanism in two parallel
stages: recombination of adsorbed CL°® and electrochemical desorption
( M-Cl 4.+ cf——-,cx?_ + € ). It was concluded that the recombi-
nation step is faster than desorption so that at high ancdic polarizations,
the principal transfer from C1* to 012 is via the catéiytic recombination
pathway. However, later they(l?S) reexamined their results and propesed a

new mechanism which proceeded first through fast discharge of C1~ ion on

the surface with the formation of adsorbed atomic chlorine:

01aq.. Clads. * €

The next step involved the further oxidation of chlorine atoms to the
chloronium intermediate, Cl+, viz,

+ -
Clads. Cl + €

wWhich, in a fast thixd stage, reacts with C1~ from the solution to form the

012 molecule:

o oL, .

Since the proposed mechanisms and alsoc the values.of the experi-
mentally obtained Tafel slopes differ in various wcrks the mechanism of
the Cl evolution reaction on RuOZ/Tlo electrodes, as well as on the RuO2
electrode itself, was reexamined by Janssen et al( 76).They recorded '
potentiodynamic current-density / potential curves as a fﬁnct1%? of time
of ancdic pre—polaxlzation, comp051tion of solution and temperature. They .
also measured potential decay curves and gave simulated ( theoretical )

?
V-log ® curves for both the Tafel ( 201 4. ——012 )’ and the Heyrovsky



type reactions ( 1~ «+ Clads.-—*"Clz ) as possible rate-determining
steps in the formation of Clz. These results were compared with the
experimentally obtained ones and it was found that for the electrodes in
question, Cl2 is formed via the Volmer-Heyrovsky mechanism, where the
Heyrovsky reaction is the rate~-determinivig step regardless of the technigque
employed. The theoretical Tafel slope is 40 nv ét 298 K, with which the
experimental results were in g8ood agreement. The reason for slopes highexr
than 40 mV being observed was said to be due to the temperature effects
while lower slopes (~ 30 mV ) could be due to the different compositions -
of the electrodes used in various works(143’144’166’1?7).

Arikado et 31(1?8,119) also studied the mechanism of 012 evol;tlon
on a series of electrocatalysts almlng to flnd the relation between the
012 evolutlon mechanisn §nd the catalytic activities of the oxide
electrodes by taking }nto account the characteristics of their oxides ( e.g.
R0, Iroz; WOB' Ti/P'i:O2 ete. ) In the case of Ru0,, electrodes used for
012 evolution, they supposed that that the active site on the electrode is a
Ru(III) ceritre and C1~ ion adsorbs at an " Ru-OH " site, completing the
coordination shell thexre. The coverage of C1 ions on the electrode surface
was found to depend on concentration of the electrolyte and on DH. The‘
mechanism was determined by the interaction between the electrode surface
and the adsorbed C1 atoﬁs. If the electrode contains a transition metal
cation with partially filled t2g levels and emﬁty eg levels, as is the
case with Ruoz-or Iroz, the Volmer-Heyrovsky mechanisnm applies. However,
if the electrode surface contains a transition metal cation wiéh half or .
Jjust filled tzg and partially filled eg levelg, as is the case with
TiOZ/"Ptoz", the Volmer-Tafel mechanism could be Proposed, They(l?s)

\
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further related log current-densities at various rotentials to the d-band
vacéncieg'and assoclated " oxide coverages " at Pt an&-Pt'alloys. The d-
band vacanciés of the alley electrodes were assigned by proportional
allotment of the values for each metal component, based on the composition.'
of the alloy. A linear relationship ﬁetween oxide coverage at the électrodg,
aetermined by reduction coulometry at g;tentials where Cl, is evolved, and
the d-band vacaney of each of the alloys was found for constant potential,
Cl™ concentration and PH. It is unclear; however, how these authors
determined reliably the oxide coverage in the presence of Cl2 by means
of a feduction pulse. The log i values weré further related to the
dissociation energy of the metal-to-Cl bond and it was sﬁggested that the
dissociation energy of this bond plays an i&portant role in 012 évolution
reaction.

It was concluded that the state of adsorbed Cl-atoms at Ru
cation sites in two types of electrode suxface DPreparation determines
whether the " Volmer-Tafel " or the " Volmer Heyxrovsky " types of
mechanisms determine the kinetics.

- In a recent paper, Augustynski et alg179) examined Ru02 and mixed
RuOZ—T‘iO2 electrode surfgces by means of X-xay photoelec?ron spectroscopy
in order to obtain information about Ruoz—based electrodes especially with
regard to thelr low overpotential for the 012 evolution reaction and
excellent corrosion resistance at anodic potentials. Spectra were‘obtained
for freshly prepared RuO2 and Ruoz-TiO2 electrodes
as well as for electrodes used as ancdes in the electrolysis of 4M NaCl

solution. By comparing these resulis, distinct changes in the composition

-cf the outermost 2-3 mm of the electrode surface layer were observed,
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Since the XPS analysis is performed undexr high vacuum conditions, an Ru03
defect structure is found on the surface of Ru0, and Rud,-TiO, electrodes. |
Spectra of the.surfaces of Ru0, and Ru0,-TiO electrodes used as anodes

2 2
for 012 evolution reaction showed also the existence of two distinguishable
chlorine species: one_identifiéﬁ as adsorbed Cl ions and the other as
adsorbed atomic chlorine. The éﬁrface coverage of ;dsorbed chloride
species was estimated to be roughly equal to-unity ( =1 ), assuming
that there was one Cl atom per Ru and/or Ti atom. Such a high dégree of
chloride‘ion adsorption was regarded as preventihg surface oxddation of
the electrode. Thus, althpugh further experimental information is needed to

understand more fully the behaviour of RuO2 electrodes in Cl, evolution,

2
tge work of Augustinsky et alsl?g) demonstrated that both adsorbed chloride
as well as Ru(IV) species could play an important role in the Clz'evolution
reaction when RuO2 or mixed Ruoz-TiO2 electrodes are employed.

The 012 evolution process on graphite anodes has been studied

in molten salts(lso’lal) (144,182*184).

‘ as well as in aqueous solutions
Bockris et a.1_§18°) used the galvanostatic transient method to study Cl,
evolution in molten KC1 at graphite electrodes at different temperatures
using various kinds of graphite ( spectroscopic and porous ), The experi-
mental data follow satisfactorily a straight [fafel line with a slope

b= 2.3-%% with o a2pproximately equal to 2. Such a low value of the
slope is consistent with fast dischaxge of chloride ions followed by
rate-determining recombination of‘chlorine atoms on a surface sparsely
covered by CL° aitoms or more appreciably covered under Temkin conditions,

Krishtalik et alg181,182) used noOn-porous graphite electrodes

in melts of PbCl2 and AgCl to study the kinetics of the Cl, evolution reaction.
)
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They found polarization curves which consisted of two straight-line regions, -
one at lower overpotentials with a slope of 60-90 mV and the other with a
slope of 120-160 mV a2t higher potentials. These experimental data weXe

* -
explained by " barrierless " discharge of Cl1 ion on the graphite surface

which would go over normal discharge at increased current-densities. In

(181).

interpreting activation enexrgies for 012 evolution on graphite , 1t was

necessary to consider the surface to be oxidized in order to account for
discrepancies in data for heats of dissociation of carbon-to-Cl bonds
formed with the surface of the carbon electrodes used.

012 evolution on graphite electrodes exhibits z2lso complex

(182-184) |

behaviour in aqueous Cl~ ion sblutions, since the overall reaction

is complicated by the formation of an oxide layer, so that the electrolysis
. of C1™ ion solutions at higher potentials consists of the discharge of 012
- as well zs formation of“oxide”species or oxidation of the carbon interface

in other ways.

(183,184) (182)

Janssen and Hooglani eritisized Kristalik's paper

and stated that the mechanism of 012 evolution on graphite anodes in acid

chloxide solution consists of a dischaxrge reaction

— - - /
Clm—= Cl,, *+ e { Volmer reaction )

followed by molecular Cl, formation by discharge of C1l™ ion on adsorbed

chloxrine atoms according to the Heyrovsky reaction

ads. 012 + e

o Barrierless~discharge " is a texm used by Krishtalik(185) to refexr to the
hypothetically possible situation where the activation enexgy is identical
with the endothermicity of a discharge step. This situation can only arise
at low overpotentials over a limited potential range and coxxresponds to a
symmetry factor/g = 1. The complementary situation of " activationless
discharge " (/3 = 0 ) can occur at very high overpotentials. Generally
speaking, these limiting conditions are not often encountered experimentally,

cl- +
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Which o% these itwo reactions is rate-determining depends on the history
of the electrode and the concentration of the electrolyte. These authors(lau)
also found that during eléctrolysis of acid chloride éolutions, atomic
chlorine diffuses into graphite anodes, so the iate of the 012 evolution
reaction would be influenced by the rate of diffusion of atomic chlorxrine
out of‘%he graphite in relation to the coupled rate of £he Heyrovsky
reaction.

Since the behaviour of graphite electrodes used fox 012 evelution ‘
from aqueous C1~ ion solutions was found to di%fer‘so muéh from that of

Pt or Pt-Ir electrodes, Hine and Yasuda(186'187)

suggested that the
" carbon oxide " layer should be considered to have an effect on the

012 evolution reaction. They found that there are actually two states of

oxidation of the graphite surface(186)

: a so-called " lower oxide ",
which begins to form at about 0.78 V By Upon further anodization the

" higher oxide." tends to form. In the potential range of 1.26 - 1.56 V B
both types of oxides coexist on the'éraphite surface. However, at even
higher anodic potentials (> 1.56 V By ) the " lower oxide " is found

to be fully converted inte the  higher oxide ", The " lower oxide "
was found to be easily removed form the graphite surface as either 02.
€O or COZ' The displacement of the " higher oxide " is more difficult
and it could occur only above 2.2 V E,» when it is removed as CQ and/or
CO,. Hine et 218187 L350 found that the specific adsorption of C1”

ions takes place on graphite surfaces only when the electrode surface

is free from either type of oxide. Thus, under_normal conditions for

012 generation, graphite electrodes would be initially covered with

the " lower oxide " if polarizatfion is done 1n the potential region
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\O.?§f01.56 V E; then Cl, evqlufion would take place at significant rates.
At higher potentials than 1.56 V By Hine et'algiss) assumed fﬁa{ " higher
oxide " formation becomes a major électrochemical process at graphite
anodes. This oxide would cause an increase in the Cl, overpotential due
to occupation of the active sites on the electrode surface. Exchange
betweén oxide and chlorine atomg was considéred‘to be irreversible and
was found to depend on potential and the concentration of electrolyte.

The reduction behaviour of 012 in alkaline solutions in which
012 gas was bubbled was studied(lss) on glassy-carbon disc electrodes
and compared with thé results obtained at Pt electrodes. In both cases
it was found that the.electrochemical reaction is irreversible and

proceeds through the possitle mechanism:

L, + HO-— ot o+ oclm o+ o1 .
ocl” + HO + -S4+ 208
2 ads.
o1,  + & E25% o1”

An oxide film was found to form in both cases in parallel with the OC1™
reduction. It was found that the oxidé on Pt inhibits the reduction of
0Cl™ in £he early stages of the growth of the film but, with further
growth of the oxide, the inhibition effect disappears. It was suggested
that a " relaxation " in the oxide structure takes place, relieving the

inhibition effect.
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(1ii) ConclusionsiIn aqueous media, Cl, evolution necessarily

. DProceeds on an oxidized or partially oxidized surface of the anode metal

since most metalhsurfaces are oxidized at potentials below oxr close to
the Cl, reversible potential, or well below the potentlals required for
Cl, evolution at practical rates (> 100 mA P ). For practical Cl,
evolution, it is therefore the properties of the oxide films of the

anode metal ( with co-adsorbed Cl™ anions )} that are of interest for this
reaction rather than the properties of the free metal surface itself,
Therefore it is of interest to study the kinetiecs of anecdic 012 evolution
at Pt firstly on a Pt surface free of surface oxide., This can be achleved
in an anhydrous non-agueous meéium, and then, for comparison, in agueous
solutions where the metal oxide film is developed.

-012 evolution on an oxide-free Pt surface can be achieved by
conducting experiments in trifluorcacetic acid ( TFA )* as solvent with
RbCl as electrolyte. TFRA is electrochemically inactive in an anodic
direction up to ca. 2.1V EH when it undergoes the Kolbe reaction, giving
at higher potentials 02F6(1892 It can also be prepared in an extremely
dry state(189b'190). Hence an interesting comparison of the kinetics of
012 evolution on a " bare " Pt surface in TFA and on an oxidized surface
in water can be made.

If the same Kinetics of anodic 012 evolution at Pt apply for
both solvents and their mixtures, e.g. recombination- controlled kinetics,
then any differences in the rates of 012 evolution at a given overpoteptial,

which may arise as water is added to TFA solution of Cl™ salt, could be

* -

Some work has been published on 012 evolution from Cl solutions in other
non-agueous solvents, viz. CHBCOOH (191) and CH3N02(192a'b), tut not for
the purposes desired in the present work.



treated on terms of (a)_the different'clﬁalytic effectiveness for Cl°

recombination of oxide free and oxide-covered Pt surfaces; and

(b) interaction effects due to specifically adsorbed C1 ionms.

2. EXPERIMENTAL

»>

(1) Methods: In order to characterize the electrocatalyiic behaviour
of thé Pt electrode surfaces, steady-state current-potential relations were
obtained potentioétatically at a rotating-disc Pt electrﬁde. Measurements
were made in both ascending and descending directions of potential change.
Currents were recorded on a Semsitive Research micro-milliammeter and
poteﬁtials were read from a digital millivoltmeter previously calibrated
by means of a Weston cadmium‘céll. Currents were measured 30 sec. afier
each adjustment of potential; this procedure ensures very reproducible
curves. f""'/*

The log curreni-potential curves all exhibited an approach
towards limiting currents at elevated potentials ( cf. 169,193 ) so that
it was important to conduct a series of runs at various rotation speeds in
order to evaluzte the role, if any, of mass itransfer control at high current-
densities. For similar reasons, " iR " corrections were made to the data |
by obtaining the iR drop values, AV, by the current interzuption technique,
using a vacuum relay and recording 4V on an oscilloscope with a fast time-base
setting. Small bu£ significant values of AV arose at high current-densities.
That the approaches to limiting current behaviour weré not
due to an ;rtefact arising from limited current output frﬁm the potentio-

stat, was demonstrated by conducting some experiments with a galvanostatic

* .
A useful review on " iR " correction methods has been given recently by
Britz (199,



power source: similar limiting cur&ent behaviour was exhibited.

Cyclic voltammetry experiments were conducted in the usual ﬁay(éz’él)
in order to evaluate oxide film coverages and demonstrate the absence of =
an oxide film ;n the anhydrous TFA experiments. Pr?vious experiments(189’19o)
in TFA containing traces of water, but without C1~ present, showed that
the water content could be related to the eitent of surface oxidation of
Pt observed in potentiodynamic sﬁeePS'mpto ca. 1.6 - 2.0 VE,. A reélly
dry solution gave no detectable currenis for formation or reduction of -
surface oxide at Pt as shown in Fig. 3. :

After each run at ascending and descending anodic currents, the
electrode potential wvas returned to a velue { 0.05 v E, ) at whicﬂ‘the
oxide film foxrmed on the Pt in the ag. solutions would have been reduced.
This procedure was adopted prior to each evaluation of the current-potential
r?lationship for C}z evolution, in order to achieve reproducible initial

Pt surfaces.

(11) Solutions and Salts: Trifluorvacetic acid was prepared by
drying and multiple distillation by the ﬁethod described previously(lgo).
The anﬁydride used(igo) fér " gettering " any‘remaining traces of water
Was similarly purified. RbCl used for the woxk in TFA was recrystallized
twice and dried at 150° C in vacuo. KC1l used in watér solutions was
similaxly purified, Water used in the aqueous solution work and in the -
preparation of TFA/water mixtures was pyrodistilled according to the
procedure described previously(?B)and developed in this laboratory.

(1ii) Rotating Pt Disc Electrode: The electrode ( Pine Instrument

Co. Pa. ), mounted in Teflon, was exhaustively cleared in cold Aristar

98% Hy80,, washed repeatedly in the pyrodistilled water and then left to
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Fig. 3 Potentiodynamic i-V profiles for a Pt eleqtrode in anhydrous TFA +
KTFA 2s electrolyte with addition of traces of water. (2) Anhydrous TFA
gettered by a trace of trifiuoroacetic anhydride: (1) multisweep; (2,3)
holding at 2.164 V for 120 and 300 s. (b) TFA with water added: (1)
multisweep;(2,3,4) holding at 2,164 V for 30, 60 and 120 s, respecti-
vely. Water concentration = 0.19 mol %. (¢) TFA with water added: (1)
multisweep;(2,3,4) holding at 2.09 V for 30, 60 and 120 s. Water con-

céhtration =0

42 mol #. Sweep rate = 8.2x1072, T = 298 K,
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stand in this water for 12 h., It was then electrochemically cleaned by '
cyclic-voltammetxy between + 0.05 V and + 1.4V Ej. The cuﬁight-potential‘
profile foxr the surface processes at a clean Pt surface (ef. 73)

1

was attained after ca, 20 sweeps at 20 mV s . After this initial

cleaning procedure, a " clean " ace could usually be regenerated afier
;5 sweeps. The Pt disc electrode was usually more difficult to clean than
a Pt wire electrode sealed in glass that can be subjected to initial hot

acid treatment, Hot acid cannot be used with a Teflon mounted disc.

(iv) Oxide coverage in €l  evolution expexriments: The coverages or
[

quantities of electrodeposited O species generated just up to C12 evolution
were evaluated in various solutions from the cathodic i-V profile in a
cyclic-voltammetry curve obtained at the Pt disc electrode rotated at a-
nominal slow rate ( 400 r.p.m. ).As C1™ ion concentration is increased?in
wgter solutions, the oxide coverage attained just prior to 012 evolution
decreases due to competitive adsorption by Cl ion. Oxide coverages within
the range of potentials used for studies of 012 evolution could alsg he
measured by rotating the electrode at much highexr angular velocities in

a sufficiently large volume of the electrolyte solution, so that evolved
012 is spun away.

In one expeximent, a2 known degree of surface‘oxidation Was
established in ag, 0.5 M H,50,; the electrode was then transferred to the
100% TFA solution afier a brief wash with TFA. This procedure &id not
diminish the oxide coverage ( as measured by the reduction charge per — )

by more than 2%. Cl2 evolution on this pre-oxidized electrode was then

studied.



B
. . . ) .
. -
- -
- . -
. ~
-

a

- 75 -

*(v). Reference Electrodes: Both the H2.( 1 atm )/Pt and the o + gPdH

L]

electrodes(lgs) were used as calibrating reference electrodes. Both were
satisfactorily reversible and gave stable potentials in TFA and in ag.
solutions. During runs, a Ag/AgCl electrode, formed on a Ag wire

mounted within a thin-walled capillary tube acting as a Luggin probe,was used.

3. RESULTS

(i) The State of Pt Electrode Surfaces in TFA/H.0 Mixtures with and

without G1~ Ion Presgnt: The extent of dryness of the TFA
solutions is conveniently iﬁdicafed from cyclic-voltammeiry curves at the
Pt electrode taken to caz. ; 2,0 VEL. Ina realiy dry solution, the i-V
profile shows no current plateau for surface .oxide formation in the anodic
sweep hor then any;peaé for surface oxide reduction in the cathodic sﬁeep.
Also, upon holding the potential at 2.0 V, no cathodic peak develops if
the solution is dry. Only an almost streight and parallel pair of current-
potential lines results ( Fig. 32 ), corresponding to the double-layer
charging curxents, Cg . dv/dt. At the negative end of the sweep ( Fig. 32 )
a2 current profile ariseé for_undefﬁotential H deposition and desdrption,
as at Pt in HZO’ but here the broton source is the carboxyl group of
CF,CO0H. The results shown in Figs. 3a,b,c were obtained in TFA containing

0.5 M CF, COOK as electrolyte.

3
In this solution, added traces { 0.19 and 0.42 mol % ) of water
give measurable currents for surface oxide formation and reduction. The
peak on the cathodic sweep increases (2) with water content ( Figs 3b, 3¢ )
and (b} with potential holding at the positive end of the anodic sweep due

to increased surface oxidation by reaction from wateéxr ( of. 61 ).



Attempts to detect any underpotential deposition of c1*- befb:e
the reversible potential of Cl /Cl is attained in anodic/cathodic poten-
tiedynamic sweeps in i;A/RbCl solution gave negative results. THis meahs

tha¢ 9 .<: ca. 0. 05*40 i at fhe reVersible Cl /Cl potential in TFA but

the observed klﬁitics ( see later Flgnrﬁ//) requ;re that 6. becomes T,

rapidly larger asf >-O and 012 is evolved. In TFA, a small amount of PF
dissc&ﬁtion occurs upon cycling which could‘in?exfere with evaluation of ;
Cl' coverage, but the extent is quite sséil. A
- In solutions of Cl- ion ( as RbCl ) in FFA, the H underpotential
region is displaced to less positive potentials so that it is not
resolved from the H2 evolutmon current; also v1rtually no surface oxide
film is developed at the Pt electrode until the water content in TFA/H2
mixtures exceeds ca. 60% ( Fig % ). These resulis illussrate the strong
_competitive role of Cl~ ion adsorption in relation to surface oxidation
and H deposition processes ( well known in ag. solutlons(l 2)) in compax1son
with the situation with £Eiﬁ as the electrolyte anion ( Figs 3a,b,c ).
In tﬁe.piessnce of an appreciable concentration of water (> ca.
60% ), the initi.al.Cl2 evolution currents show a small inflection with
increasing potential in the eyclic-voltammetry cuxrves; similar behaviour,
is seen on the.c;thodic sweep i-V profiles ( Fig., 4 ). The fact that this type
of behaviour is not observed on the steady-state i vs., V profiles ( Fig. 5 )
suggests that it is associated with a transitory state of the oxide film
at the Pt electrode before growth and rearrangement processes ( cf. refs, 61,69)
have become established. The significance of this initial inhibition effect

will be treated in mdre detail in the following Chapter of this thesis,

&
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Fig. 4 - see following page

rig. 4 (a) Series of potentiodynamic i-V profiles for a Pt electrode in
TFA/HEO pixtures with 0.5 M €17 ( as HbCl or KC1 ) showing
development of oxdde reduction peak with increasing H20 content.
Sweep Trate leo_2 v 1. T = 298 K. Electrode rotation rate 1600
Y. DT (b) Curves below show charges for surface oxide reduction
after holding for 1 min and longer times.,
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H.0, TFA : TFA/0.5M Rb Cl
: (ANHYDROUS)

& —t

v 24— 1800 rpm.
0.25 - 0= 2e00r.pm.

@ v—

E: 6400rpm.

. TFA/O5M Rb Gl

0.20F d: (PRE-OXIDIZED ELECTRODE)
.
s o
= ‘ ‘
= i %'
S ’
(Ll '
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-g' o’.
_g . H20/0.5M KCt
4 Se . 0.05MHC
a_, . (iR CORRECTED)
5 010 o’

0.05—

log [+, mA cm™?]

log current-density vs. overpotential curves for anodic 012 evolution
from 0.5 ¥ HbCl solution in TFA and from 0.5 M KCL + 0.05 M HC1 in
water ( T = 298 K ). Data are shown for various rotation speeds at

a rotating Pt-disc electrode., Two curves are also, shown for C12
evolution from 0.5 M EbCl in TFA at the same Pt electrode, but pre-
oxidized in 0.5 M aq. H,S0,, bearing a surface oxide charge of 520 uC en~?
and 340/“0 cm'z.

e v ekl



(1i) Kinetic Behaviour in Anhydrous TFA Solutions of-RbCl: In Cl~

_'79 -

( as RbCl ) solution in TFA, cuxrrents (i) for anodic Clz_formation

become significant at ca. 1.1 V E, and the current- (over)potential (n)

behaviour can be followed ;ccurately by point-by-point measurements up
w\ﬁto quite high curxent denéities. In the ilot of nvs. log i, 2 " bolic "

curve results { Fig. 5 ) with an obvious approach 1o 2 1imiting\ value

of log 1 at the highér71 values.,

Since the significance of i,,, is important with regafr to C1°

" recombination control in the kinetics, two types of experiments were

performed to identify it as a Iinetically-linited current:

(a) Ohmic polarization ( “ iR " ) was checked over a wide current
range by the galvanostatic interruption technique; iR drops were, however,
negligible in the ahhydrous TFA experiments.

(b) Current-potential rel;tions were established at the rotating Pt
disc electrode at various rotation speeds,us', and were found to be
independent of w, using a range of w from 0 to 6400 r.p.m. ( Fig. 5 ).
Thus, the log i vs. overpotential curves and, in particular, the

limiting currents observed are kinetically controllied.

(iii) Kinetic Behaviour in Aqueous and Mixed TFA/H,.0 Chloride

(5

Solutions: In ag. CL~ ( 0.3 KCL + 0.05M HCL ) solution,
similar parabolic " log [ current) -potential curves ave found with a
- trend to well-defined limiting values ( Fig. 5, curves at r.h.s. ). The
current profile is displaced at 21l potentials to values some 45 times
larger than in TFA, including iiim aé high n . Because of the higher
current-densities attained in the agueous solutiongf iR corrections on the

% »
raw data are more important. ( They were up to 60 mV at the highest currents

*
Resistance effects due to the Pt surface oxide film which is present in ag.
solutions at Cl, anodes are negligible { cf. ref. 8 )
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and linear in i ), The curves in Fig, 5 are drawn from thé?iﬂ-corrected
data. Also, because of the larger currents, mass-transfer effects cbuld
have bécome significant, but they are evidently still small, as seen in
Fig. 5 where results are plotted for several w values at the rotating Pt

disc electrode. It can be concluded that the i value attained in aq.

! lim
solutions is still kinetically-controlled as it is in the TFA solution.

The imporitant conclusion from these experiments is thexrefore
that the i vs. n profile for 012 evolution,over the same range of over-
potentials, arises at much larger currents ( by factor of 15~45 ) in aq.
Cl™ than in TFA solutions of C1~ ion . In both types of solutions; kineti-
cally-controlled limiting currents are observed. In thé aq. medium, the Pt
electrode surface is partially oxidized ( see below and Fig.4 ).

Similaxr kinetic behaviour was found for all compositions
studied in the series of TFA/HZO solvent mixtures, and also for the Pt
eleétrode pre—oxidized in aqg. HZSO4 and then studied in 100% TFA/RbCl
solution ( see central curves in Fig. 5). The limiting currents for the
pre-oxidized elecirode lie beiween those for the 100% TFA solution and 100%
HZO solution and probably corre%pond to part of a volcano relation with
respect to extents of oxide coverage and €1 ion adsorption.

In oxrder to compare the kineiics of 012 evolution in TFA and
H20 quantitati;ély, it is necessary to place the data for the current-

potential relations on a common overpotential ( n ) scale. This was done

by evaluating the reversible potentials for the Clz/Cl“ process vs.
Ag,AzC1, H2/H+ or o +8 PdH/H(195) electrode in the same solution, as

will be described below.
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(iv) 912/01' Reversible Potentials in TFA and H,0: Comparison of

the kinetics of Cl2 evolution from TFA, water and thelr bipa:y mixtures!
requires that_all the current-potential relations be compazed on a common
overpotential scale. This was achieved by referring all measured-potentials
to the observable reversible potential for 012/01_ in the same solution.
For TFA, water and the solvent mixtures, the reversible potentials were
easily identified in all experimenis by the asymptotic approach of the i vs.
V profiles to the log [ current-density] axis.

' While the-above procedure is sufficient to provide a basis for

comparison.of the kinetic behaviour in the various solvenis or solvent
mixtures, it will be of interest to quote several resulis for the actual
measurements of reversible potentials.

The cyclic-voltammetry experiments show that 012 evolution
currents become significant at Pt in Cl:-containing TFA solutions at less
positive potentials ( vs. ihe Ag, AgCl electrode in the s;me solution } than
in ag. Cl . C1,-reversible potentials were measured at Pt in TFA ( 0.5M RbCl )
and in weter ( 0.5M KCL + 0.05M HC1 ) vs. the Ag/AgCl electrode and also
vs. the H, (1 atm )/H electrode in the same respective solutions. The
following values for the potentials vs. Ag/AgCl were obtained at 298 X:

1.020 V ( Cl, in the TFA solution ); 1.130 V ( Cl, in the ag. solution ).
Against éﬁe HZ/H+ electrode, the values were 0,960 V and 1.k54 V, respectively.

Cl, is therefore Teversibly evolved from solvated C1~ in TFA at
a potential 0.494 V less positive than from €1~ in water, referred to the
H2/H+ electrode in -the respective solutions. These results enable the
experimental current-potential relations in the two solvents to be placed
_on a common overpotential scale as in Fig. 5 . For the solvent mixtures,

the reversible poteniials were easily identified in all experiments by the

]
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7 asymptotic approach of the i-V profiles to the log [cu:rent—density 1 axis
as mentioned earlier.

L. DISCUSSION

(1) Mechanisms: An obvious mechanism ( cf. refs 168,174,175,193,196 )

that has frequently been discussed for 012 evolution is

k .
. - -—
C1° + § m===—e=== SC1° + e I
k
-1 .
__EZ_—.— ’
25 CL° 012 II
>

where S is the surface of the electrode on which a Ci* radical is dis-
charged into a presumably cﬁemisorbed state. In anhydrous TFA, S is the
oxide-free metal surface, probably with some coverage by adsorbed anions
and of course solvent. In ag. medium, S is an oxidized or partially oxi-
dized ( Fig. 4 ) Pt electrode surface. The degree of oxidation of the
surface at the reversible potential for 012 evolution in HZO is ca. 2e
per surface Pé atom in the absence of adsorbed Cl, i.e. nominally " PtO
but due to competitive C1™ adsorption, 012 evolution occurs on an only
partially oxide-covered surface ( see below and Fig. & ).

The_form of the kinetic behaviour in Fig. 5 is similar to that
expected ( of. the case of H2 evolution(igé) ) for a mechanism in which
the Tate is limited by the recombination step II proceeding at a surface
on which C1° atom 00verage¥g§E1. , is between ca. 0.2 and 1 since 2 region
of linear Tafel behaviour is expected only for eCl'< ca. 0.15.Yckoyama
and Eﬁyo(168’193) considered the scheme I, II for cathodic and anodic
reactions of C12 from aq. Cl™ solutions but concluded frop reaction order
and stoichiometric number data that the current-potential relation for

appreciable anodic polarization was detgrmined by the rate constant of step
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I with step II in quasi-equilibrium,

. Krishtalik and ca—workeré(l?a), using ruthenium oxide electrodes,
concluded that the recombination step II was rate-controlling for the anodic
direction of the 012 electrode reaction, Howe#er, in later work(1?5), a
chloronium ion pathway was also proposed but would not lead to the limiting

cuxrent or Tafel slope features of the experimental behaviour at Pi.

(ii) Kinetic Analysis for the Recombination Mechanism I, II:

Since the form of the i~V profiles of Fig. 5 appears
characteristic of a kinetically limited rgte ( cf. 196 ) yet, in the work
of Yokoyama and Enyo(168'193) aﬁd of Krisﬁ%alik(l?u’l?Sp, Cl° recombinaticn
was not proposed as the rate-limiting step, it is necessary to examine the
form of the i-V profiles quantitatively in a way in which such a mechanism
can be more exactly tesied. In orxder that such a treatmenj could be reliably
pursued, the i-n curves for TFA ang H20 solutions, and their mixtures, have
been defined, by many experimental points ( Fig. 5 ).

The following method enables the kinetic behaviour associated
with pathways I, II to be represented over the whole range of 9C1' and
corresponding currents up to ilim' i,e., without restriction to special
conditions ( cf. 197,198 ) that may lead limitingly to a Tafel slope of
RT/2F, RT/F ore ( limiting current ), or some intermediate values.

The current-density for II is written as

-

. _ 2
i, = 2FkSg. - (6)

in the absence of interaction or heterogeneity effecis ( see refs. 197, .
198 and below )« If II is rate-determining, 9, . may be represented as

f (7) in the usual way ( employing the quasi-equilibrium hypothesis ) approxi-
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matély by the electrochemical ( Langmuir ) adsorption isotherm as a first

approach to the discussion of current-potential behaviour:

. i El Cay- exp [n¥/RT] ? ~
L 1+ R Coy~ expln F/RT ]

— * '
vhere K1 = ki/k-l » 1s the quasi-equilibrium constant for step I and CCl-

is the chloride ion concentration. Then the i, ¥s.n relation over any

range of anodic overpotentials is

o

N X Kl CCl- e@[n F/RT]

i = ZFk = (8)
2 N K, Coq- expl n F/RT]
It is convenient to rearrange egn. (8) to the form
exp[n F/RT] 1 " exp{n F/RT ]
EN = T o+ P (9)
2 2 - 2
4, (21?1:2) Ky Coy (?.F'k2)

T

o)

Hence, a plot of exp[nF/RT]/ 1% ¥s. exp[nF/RT] should give a straight
1 1
; -z : -z -
line of slope (2Fk2) and an intercepi (2Fk2) /Ki Coy -
Application of eqn. (9) to the experimental results of Fig. 5
and to similar curves obtained for TFA/HZO mixtures gives the plots shown
in Figs. 6a and 6b. Good linearity evidently obtains over almost the

whole range of 'z( except, for understandable reasons, asn * 0 ; see

below )} indicating applicability of the recombination-controlled mechanis$1

*Rl is really an electrochemical equilibrium constant containing an exp term
in potential - see p. 103 - 106 .’
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It is of interest that the results of Yokoyama and Enyo (168 193), ;btainqd
fYom an enlarged photo of their published n vs. log i cuxves, plot out in
a similar way ( based on eqn, 9 ) and thus indicate recombination-controlled
kKinetics.
From an estimate of i,; Dbased on fhe true électrode area

determined from the E monolayer chaxge ( 210nC crn"2 ), the rate constant
k, for 9gr > 1 canr be found‘in‘addition to its evaluation from egns. (9)
“or (10) t‘see below ) for 8,,. < 1. With k, evaluated for a known Cl~
concentration, the intercept of the plot based on egn. (9) will give Rl
for quasz—equlllbrlum in step I. Thus, the prznc1pal features of the reaction
scheme are both qualitatively and quantltatlvely evaluated Values of k2
and Rl derived in this way are tabulated in Section (vi), p. 100.

' An alternative way of plotting the results, which provides a
more sensitive basis for analysing the kinetic behaviour at high 84.

follows by rearranging eqn. (8). Thus,
- em)T o+ (@) TR )T emlnE/Er] (10)

which enables both k, and ﬁl to be evaluated from the slope and intexrcept
of a plot of iz_% VS, exﬂ}w1F/RT]. Such plots are shown in Figs. 7a and
7b. Were the log [current—density] vs. potential rplations simple Tafel
lines having constant slopes, the results would not plot out according to
eqns. (9) or (10) with intercepts related to Kl and k.
There is some significant curvature in the lines of Figs 6a

and 6b at the higher currentswhere 9,.~ 1. Under these conditions, it

is likely that lateral interactions between adsorbed C1l' become significant

and give rise to this deviation from the behaviour expected according to

- .
The curvature at the low current ends of the lines in Figs. 7a and 7b 1is due

to the participation of the back reaction, as in Figs. 6a and 6b at the lower
ends of the lines. See Section (iii), p. 95.
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eqn. (10). The recombination rate equation should then be written ( of. 198,
) »
199 ) in the form:
_ 2

for " non-activated " é,dsorp'Eion(lgB) » where g is a lateral interaction

%
pa.rameterclgg). The corresponding isothemm for adsorption of C1° is of

the form:

c1t _ Kl exp ["59C1']°CCJ._ exp[ nF/RT ] (12)

1- 901' .

Procéeding as in eqns, (8) and (9) by substituting for 8oy from eqn. (12)

into eqn. (11) and rean‘a::glng, gives .

1,2 = (2_5*;{2)'% e;@L-ggCl.] + (Zsz)h-"l’-(chcl-) expl-n F/RT]  (13)

tad

Tis, for g€ #0, 1% is no longer proportional simp_ly- to exp[ -n F/RT] as
in eqn.(10) Since Op1 in eqn.(13) is a function of potential by eqn. (12)
involving g. Then the variation of O5p+-withzis changed in comparison
with the Langmuir case, depending on the magnitude and sign of g, as
shown in Fig, 8 . This Figure shows the variation of © with relative
potential in RT/F units caleulated for an interaction tern in exp -go, .
( solid lines ) and in exp - g@é{z ( dashed lines ), théa.latter case
for surface-Cl dipole-dipole interaction.

Numerical evaluation of the form of eqﬁ. (13) for various g
values may be made as shown in Fig. 9 for various values of g ( = 0, 2, &,

- A
and -2 units of RT) so that the form of the variation of %2 with 6., and

2 C1
hence p may be derived. Arbitrary values of k2= 1, Kl =1 and CCl- =1 are
* g€ is defined as the ratio of the change of adsorption energy, £a G , to RT,
assumed to be linear with coverage 8, as 6 increases from 0 to 1. aG ads

arises, In this model, from lateral interactions.
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(i)7* (RELATIVE SCALE)
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LOW 86—

l 1 - I 2 I

5 10 15
Exp [-VF/RT ] (RELATIVE SCALE)

. 9 Numerical evaluation of the forms of eqn. (13) for values of g = 0, 2,

4 and -2 using eqn. (12) for the quasi-equilibrium chemisorption of C1'
and eqn. (11) for the recombination-controlled current-density. Para-
meters as mentioned in text. -
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Fig. 9 MNmerical evaluation of the forms of eqn. (13) for velues of g = O,

2, 4, and -Z using eqn. (12) for the quasi-equilibrium chemisorption
of C1' and 'eqn. (11)‘:E‘or the rgcombination—con‘trdlled current-density.
Parameters as mentioned in the text. Different scales axre required
since current-density ranges vary according to values of exp ééb for
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{

taken for convenience, so that the scales of the plots are relative ones; .

thelpotéﬁtial scale in exp [~ nF/RT] 1is an overpotential scale relative .

to a2 reversible potential, Er’ taken as zero, corresponding to Eﬁ =
1rexp[E_F/RT ] = 1. )

It is seen that the calculated plots for values of g'> 0 have
similar directions of curvature to those of the experimental data in Figs.
72 and 7b, as 6.1 ( i.e., as i—% + 0 ). The Langmuixr case ( g = 0 )
gives, of course, a linear plot as for eqn. (10). The steepness of the

curvature as © 1 axising from an isotherm such as (12) is, however,

cL* ~*
smaller than that in Figs. 7a and 7b as i"% - 0.This suggests that eqn.(12)
should probably be written with an exp [—ggg{?] term instead of the linear
argument in 901.; such a function of 901' would,arise(zoo) from surface
dipole repulsion in the nearest neighbour approximation.

It is to be noted that the i will depend on g and differ from

Jim
that for Langruir conditions [eqns. (6) and (?)] by a factor of exp[ 2g],
whatever is the sign and magnitude of g. These limiting values ( as iﬁm )
are shown, in a relative way, on the l.h. axis of Fig. 9a. This factor is
of significance in the dependence of recombination-controlled limiting

currents on €l  concentration through C1™ adsorption effects to be considered

later,
Also, when g # 0, the apparent rate constant k) obtained from
. — 2 o
. the limiting curre?t with ilim_ 2Fk29c1. y l.e, k2 = k2 exp 2g6 , will

differ from the value obtained from analysis of the i = f£{ n) data at
lower potentials where 9017'<K 1 since the exp ZgQCl. factor will then be

smaller or negligible,
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(i;i) Role of the Back Reaction: Figs. 6a and 6b and all tests
that were made of eqn. (9), show a bend-up of the line a?clow values of n s
This can be accounted for simply by éhe~inc;easing participation of the
back-reaction as the condition n= 0 is approached. The kinetics, which
. are tested by eqn. (9), pertain to the rate of the forward ( anodic )
direcfion of the current. Near the reversible potential, howevexr, this is

not measured by the net recorded current-density, but rathexr by 12 + i

c
since 1 = i - i , where i_ and i are the anodic and cathodic

2 a C a c i
partial currents, respectively. The ic component can be readily calculated
in temms of C1' coverages and overpotentials as shown in the Appendix I.

The true ia component current is found to be

i
a

= i,/ 1- exp (-2 F/RT)] (14)
and it is this current that has be tested as f (n) near the reversible
potential rather than the net measured i, . Thus, exp nF/RT must be

2
divided by izfi:1~ exp(- 2,1F/Bﬂjj} ¢ rather than by 1,° . It is seen

ol

that when n is sufficiently large, exp(- 2nF/RT) ~ O [_eén. (1&)] , SO
that i_+ i, . Thus, most of the curve can be treated in temms of the "
directly measured 12 values.

The above correction lowexrs all the points nmear n = 0 1in Figs,
65 and 6b so that a continuous, almost straight line resulis without the
hook at the lower end. This,'gncidentally, shows that the mechanism which
applies at high n , giving a limiting curwent, persists essentially down
to the reversible potential without change. Similar corrections exfend

the linearity of plots based on egn. (10) at lown ( Figs. 7a and 7b ).
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(iv) Simulation of the Tafel Relation for a Recombination—controlle&

Process: In oxder to examine further the detalled foxm of a
recombination-controlled currént—potential curve, a calculation of the
Tafel relation for this case was performed. The purpose was to simulate
the current-potential relation over a wide range of coverages, < 0.1
up to 8-+ 1 , for various values of g.

The current-density of the recombination controlled step II
is given by eqn. (11) for any value of g. Since gCl' is the coverage of
the surface with adsorbed Cl°, it can be expressed by eqn. (12). By
evaluation of 8. 2s £ (n ) and-insertion in eqn. (11),1n i, as
£ (7 ) may be evaluated numerically.

The overall forms of the In i1 vs.n relations for various g

v

values, assuming eqn. (12), were simulated using the same values of k,, K,
and CCl_ =1 as those taken above for the simulations of the behaviour

of egqn. (13). Cuxrves for g = -2, 0, 2 énd 4 are 'shown in Fig. 10 and
illustrate the dependence of the approach to the limiting current on the
interactions in the ad-layer of Cl' characterized by the‘g value, It is
interesting that the log i ig.wq relation for negative g velues ( é = -2
in Fig. 10 ) shows a2 maximum without any other inhibiting substance

being codeposited { cf. 95,164 ) on the surface. When g > 0, the range

of potentials over which 12 approaches its limiting value is, of course,
extended, since gCl' goes from 0 to 1 over z proportionately wider, g-

dependent range of potentials(198)

. A g wvalue of ca. 2 is required to
account for the form of the ascent of n with current-density, on the log

scale, in Fig. 5 with increasing overpotential.
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Fig. 10 Simulation of log i vs. V relations for the Cl® recombination

Idnetics with various g velues, using eans. (11) and (12).
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Linear In 1 vs. n behaviour must arise in all cases at sufficiently.
low 84+ , dependent on the g value. For sufficiently small or zero g values,
a Tafel relation with siope near to RT/2F will be observed below
QCl' 2 0.15 or a corresponding overpotential. This is seen in the
lower regions of the curves of Fig. 10 wMere each of them approaches a
‘common line with the recombination slope RT/Z2F, independent of the g value.

Experimentally ( Fig. 5), in the presence of €1, at 1 atm., the
log_} ¥s. n relation does not show any linear region of slope 2.3 RT/ZF.
This means that gCl' is already »ca. 0.15 near the reversible potential

where the back reaction is important in the presence of 1 atm. Cl, . When

2
N2 is tubbled, the Clz-reversible potential is made less pdsitive so that
a linear Tafel relation ( with slope ca. 0.03 V ) can be obse?&gd before
il%m is approached. However, this behaviour is difficult to define in an
experimentally satisfactoxy way, since an unconirolled local partial
pressure of C12 arises from the 012 anodicaliy evolved in the .experiment

to extents dependent on the increasing current-density.

-

(v) Bvaluation of k,_and K, for the Kinetics of Cl, Evolution

1
in TFA and Water: Using the plots in Figs. 6a,b and 7a,b

and an experimental value for the " H-area " of the Pt electrode determined
by cyclic-voltammetry in 0.1M aq. stoa, together with estimates of the
limiting currents in Fig. 5, enables k, and Kﬁ to be evaluated giving
the results shown in Table 1.

Both kz ’
chemical quasi-equilibrium constant, are not influenced by electroétatic

being a chemical rate-constant, and ii , an electro-

double-layer effects dependent on ionic concentration. However, k2 , the

recombination rate-constant, can be dependent for chemical reasons on
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specific adsorption of anions, solvent adsorpiion in the two solvents or
their mixtures and oxide-film coverage, as wlll be discussed below.

| It is found ( Table 1 ) that k, evaluated from the plots of
Figs. 7a and 7b is appreciably‘smaller than k2 evaluated from ilim
with eqn. (6). This is probably due to the fact that k, evaluated from
ilim corresponds to a condition 901.-+ 1 while k2 evaluated from the
linear parts of the plots of Figs. 7a and 7b corresponds to lower values;
thus if interaction effects in the ad-layer are important as 901.-* 1,

as expressed by eqn. (11) , k, values from i will differ from those

2 lim
for lower 901. approximately by the factor exp 2g. A g value of only
® 1 RT unit is required to account for the difference of k2 on this basls
and is consistent with the small value of g required to account for the
curvature of the plots of Figs. 72,b at laxge 1 values as ch.-%-l_

( see also simulations in Fig. 10 ).

(vi) Electrocatalysis in Cl' Recombination at Pt: the Presence

of the Surface Oxide Film and the Role of Adsorbed €1 :

Comparison of the log i- n curves of Fig 5. and the data
in Table 1 foxr k2 indicates that there is a substantial_electrocatalytic
effect of the presence of the surface oxide film at Pt in ag. solutions
on iz,lim or k2 in comparison with the behaviour in TFA ( no oxide film
detectable ) where Figs. 6a,b and 7a,b indicate that the same recombdina-
tion-controlled mechanism applies. The ratio RZ( H,0 Y/ k, ( TFA ) is
between 15 and 45, depending on potential or Oy -

Presumably this is the result of weaker binding of C1° radicals

and consequent better catalysis ( lower activation energy ) for thelr

recombination at the oxidized Pt interface in water than at the Pi metal



- 100 -

)i

TARIE 1

VALUES OF k, AND K, FROM THE PIOTS IN Figs. 7a and 7b

AND FROM THE LIMITING CURRENT-DENSITIES ( T = 298 K)

Solution k, [from Pigs. 72, Kk, from X, [ from Figs. 7a,
( mol % b  with eqn.(11)] - iz'm 7b with eqn.(11)]
H0 ) x107 xo? %102

TFA - 1.95 W 7.77 7,64 ]
TFA/HZO, 3% 2.05 10.4 7.45
TFA/H0, 127% 2.11 : 10.4 7.33
TFA/H 0, 30% 4.9’} L = ca. 10% 28.5 5,38 p + ca. 10%
TFA/HZO, 58%  10.1 82.9 & 3.94 -
TFA/HZO, 71.2% 28.8 103.8 . b3

| TFA/HO, 80.5% . 76.6 110.9 5,48
H,0, 100% - 9.8 ’ . 113.9 10.07 °

Units of k2 are mol crn-2 sec-1 with surface concentration expressed as
fractional coverages © . In terms of surface concentrations in mol cm-z,
the units would be mol,—1 cm2 sec-i. Ki is derived for Cl— concentration
expressed in mol c:u'[-3 and surface concentration in the isotherm in terms
of fractional coverages, © . The il quéntities in this Table are electro-
chemical equilibrium constants for step I and contain the exp texrm,

exp Ayrev,Clz F/RT, as explained on P. 103~106 .
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surface in TFA. While weaker Cl° binding will also affect the kinetics and
quasi-equilibrium in step I, and consequently the éoverage_when OCI;<K i,
the conclusion concerning the effect of weaker bindlng on k2 is ﬁnambiguous
\so far as the interpretation of the limiting currents goes since then
gCl' + 1, Generally speaking, the effects of binding energy of the gl'
intermediate will follow those previously tréated for the case of the HZ
evolution Feaction where, for all mechanisms, a volcano-type relafion is

predicted(200)

between rate constants and frée-energies of adsorptiomn,
Specific‘adsorption of C1™ ion is the éecond factor: it is likely
that this will depend on the state of solvatlon of the Cl” ion and of the
Pt surface, so that the surface coverage by coadsoxbed €l ions and the
| resultant competition(201'203) wlth surface oxidation processe;, will be
solvent-dependent. 6ertainly, Cl™ ion adsorption has significant effects
on the recombination kinetics in " 100% HZO‘" solutions since, in the
& concentration range 0.1 - 4.8M C17, it is found ( see Chaptér III )
that ilim increases substantially ;ith increasing €1 ion concentration,
as may also be seen from the log i vs.n  results of refsi 168,192. This
effect probably arises onlaccount of a repulsive energy contribution in
the 2g0 term of eqn. (11) due to C1'/Cl interactionms ;n the surface layer

at the electrode as well as to C1°/Cl" repulsion.

(vii) Dependence of 4y 20d ky and of K, on Solvent Composition:

1
at Pt ( 298 K ) are shown in

The exper?mental values of ilim
Fig. 11 as a function of mol% H,0 in TFA/HéO mixtures. There is a sigmoidal
dependence, roughly symmetrical about the 50% composition level. The
corresponding plots for k2 ( from both ilim at G01.-+ 1 and from the linear

regions of the plots of Figs. 6a,b and 7a,b which apply to lowexr coverages,
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Ogpr < 1) are shown in Fig. 12 .

The values of k2 derived from ilim and those from the plots of
Figs. 72,b are shown in Fig 12 and differ for the reason discussed in-
Section (v} .

(2) Significance of§5§e Quasi-equilibrium Constant, K The kinetics

13
of the 012 evolution reaction were treated in terms of quasi-equilibeium

in the discharge step I, i.e.
L]

1~ + Pt r—3—-1="t-c:|. + e I

(a'Cl-) (1_9) (Q)

prioxr to rate-determining recombination of adsorbed Cl° species. The

quasi-equilibrium in step I is treated in temms of an equilibrium constant

R =k/ k4. | '
The significance of this equilibrium constant requires some

special discussion before its dependence on (a) solvent composition and
. S

(b) €1 ion concentration or hypothetical activity, a , can be inter-

.
preted.
First, it is to be noted that the quasi-equililrium constant for

I is an electrochemical equilibrium constant dependent on the metal/solution

p.d., AV, prevailing at the electrode interface as in any electrochemical
charge-transfer process at equilibrium. Thus, the quasi-equilibrium in step I rearly

nust be written in texms of the electrochemical equilibrium constant, K., as

1

., = K

s | XD AVF/RT = kl/ k_y (16)

where Kl 1s the value of the equilibrium constant for process I at hypo-

thetical zexo value of the p.d. 4V,and k, and k , are standard electro-

1 1
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and 7b, together with R, » ageinst solvent composition ( mol %

Hy

O in TFA ) for 0.5 M Cl ™ solutions { as RbCl or KCL ) at 298 K.
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-

chemical rate cons:ban'hs.

Secondly, wnlike the situation for an electrochemical equilibrium
involving a charge-transfer' process between an :'Lon in solution and a pure
b_u& phase which has an invariant and unigue activity ( at a given standard
temperature and pressure ), the equilibrium in step I involves a coverage-

dependent activity temm & for the discharge deposited species, Cl°,

1-8
on the electrode surface. Thus the thermodynamic condition for equilibrium
: ' )
in step I is A
4 -
X = S 1 = X, exp[a VF/RT ] © (17)
Kl 1-0 an- 17
or, in the usual way
e
\ i = K explsVF/RUag- (172)

Thus, for a gix:en acy~ 2] isr‘dependent on 4V, .or‘_vice-versa,.

A standard va.lu; of ’a_v (&° ) is given, in the usual way, by
considering standaxd state conditions as follows: ;:ypoth?tical am~ = 1
and @ = 0.5 for the surface " monolayer " film o-f adsorbe®\Cl® discharged
in step I. |

Since; for a given ag - , © is determined only by 4V ( and K ),
the relevant AV values in the test of the recombination reaction on a
Cl,~ overpot_ential scale are those corresponding to the overpotential
values for 012 evolution. By dei‘ir_lition of n , these va_lues ofA AV in

eqn. (172), applying to the analysis for the C12 reaction, are therefore

E]
r

A + Avrev,Cl

(18)
2
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where Mooy, 012 is the reversib?.e meta.l-s?.lution p.d. for the Cl-Z/Cl_

.reaction { not any hypothetical reversible potential for step I ). Hence

the Rl values evaluated contain, in particular, an exp term " exp Avre c1 F/RT ",
Vs 2

Then eqn. (17) can be written ? .

K, exp [a vrev'uz] agy~ expn F/RT

1+ K exp [Avrev,CJ.z] an= ©XP n F/RT

Thus the 8 values which are involved in the kinetics of C1° recombina:'tion
(i1 = 2Fk2 92 ) were expressed in texms of ovexrpotentials, ~ , fox the
overall Cl2 reaction thro;gh the relation which follows from egn. (19)

with egns. (15) and (16): -

. - Kj2q~ exp nF/RT (20)

1+ Kjag- exp nF/RT

or the corresponding relation for finite g .( eqn. 12).

The I-(i values derived from the test plots thus have the particular f

significance:

Kl = K, exp[a Vrev,Clz F/RT] (21)

and the © involved in reaction I or in eqn., (17a) at the Cl,- reversible

potential is 'tha't\-(’gn -0 ) determined by eqn. (17a) when AV in that

eqn, is equal to AV y Ll.€., when the experimentally measurable a7

rev,012
is taken = 0 . Thus, in eqn. (17), f(l is given by ean. (21) above, and
includes the exp temm in AV, o o F/RT .
1 2 .

We are now in a position-to ma&e\ further comment on the t

, i _ - .
matters mentioned eaxrlier: (1) the dependence of K, on solvent composition L

L i pameb e e 2t -



- 107 - -

and (2) on C1” concentration ( activity ).

(1) The equilitrium in step I will depend on solvent composition
on account of (a) the changing free-energy of solvation of the Cl; lon on
the 1.h.s. of eqn. I; (b) on t;e possibly solvent-dependent free-energy of
adsorption of C1°, since C1° is elegtrosorbed competitively with TFA- + Hzo
at the Pt electrode surface. Also (c) the absolute metal-solution p.d. of
the Pt élect:odé will probably also depend on solvent'compos;tion'in the
_standard state of 9.= 0.5 and N 1, dge‘to composition-dependent solvent~
dipole orientation ( surface-potential effect ). Finally (d), the equilibrium
in step I will be determined.also by the effect of oxide-filr coverage on

the free-energy of adsorption of discharged Cl', especially at relatively
high H,0 contents in TFA/H20 mixtures.

(2) In the case where varying KCl concentrations are involved, the
quantity, ii’ evaluated from the intercept/slope values of the test Plots

involves the term' exp AV F/RT for all concentrations. However,

: 2

the AV term,in Ki is concentration ( activity )-dependent.according
rev,Cl2 .

to a Nernst ‘equation:

rev,Cl

' = ay° &T -
Avrev,Clz = Noev,ci, - F Wmag (22)

tol

Note: a . Thus, -

cim = 2% xa = (agteg)

[+

1
rev,Cle/RT] a

_ N
5 = Ki-exp[a‘vr%%,012F/RT].= Ky exp [ & o

lon-(23)
Hence, the Ki evaluated from the test plots for various C1~

concentrations includes a factor in ( 24p= )-1 as indicated from eqn. (19).

For this reason, the values of Ri calculated from the results for various

[ 3
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'CL” concentrations decrease in an hyperbolic way »ith increasing €L
as will be shown in Chapter III. '

(b) Significance of the Rate Constants, ky and k_, t As in"the case

of Ki’ the rate constants ki.and k_1 are " electrochemical " rate constants.

In the usual way, they contain therefore the terms exp Bav F/RT and -
rev,012
exp ~{(1-8)" av F/RT, respectively since aV in the exponential
rev,Cl2
terms is related to vrev,Clz and '1 by the eqn. (19) given earliex. The

quotient kl/k 1 giveé, in the usuval ﬁay, Ri as expressed by eqn. (16) for

the 012/c1' reversible potential.

(¢) Evaluation of Kl Values: Kl is determined in part by the
" solvation energy of Cl™ ion which is involved in the backward or forward
directions of the ion discharge step I. Table 1 shows that K

1
T .
as expected, on solvent ( through step I ) as is the over=ail c12/01‘ equili-

is dependent,

brium demonstrated by the electrode potentials ( relative to HZ/H'+ )
measured in the two pure solvents. However, for well-known thermodynamic

reasons, it is not possible to separate out the individual ionic effect

due to C1  solvation’at 211 reliably.

-
-

Since Kl is solvent-dependent, the covexages B+ for 8,. <1,
will tend to be different at various overpotentials in TFA and in
water solutions of C1 ion accorxding to eqn. (7).

. Ki shows an ineresting minimum at the composition where k,
( F:om'Fig. 12 ) fegins to ascend rapidly with increasing H,0 content.
Thi; behavipg; suggests that there are competing factors determfﬁing Kl :
(1) changing solvation -of the C1” ion; (ii) changing enexgy of adsorption
of electrodeposited C1° due to (2) onset of significant oxide film formation
see Section (viii) ; (b) cﬁanging specific adsorption of C1~ ion
and (c) changing solvent adsorption; a thizd factor (iii) is changing

surface dipole p.d. at the electrode interface due to solvent
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composition change and to appearance ofkthe oxide film at high Héo contents,

(d) Evaluation of k, and 1., ~_Values: Figs. 6a,b and 7a,b indicate

that recombination control applies to the C1l, evolution reaction at Pt in botﬁ

2
TFA and H.0, and their mixtures at all compositions. Hence the dependence

2
of k, and i,, on various factors related to changing solvent composition
can be examined in terms of a common mechanism. Because a chemical recom-
tination mechanism evidently applies at all compositions, k2 or ilim cannot
directly depend on the state of solvation of the C1™ ion, as does Ki.
Therefore the observed dependence of k2 on solvent composition must arise
from a dependence on changing surface properties of the Pt electrode
with solvent composition due to (2) development of a Pt surface oxide films
(b) composition-dependent specific adsorption of Cl  ion which may influence
the activation energy for recombination through the exp ZSQCI' factor of
ean, (f1); and (c) composition-dependent solvation of the electrode inter-
face by TFA and HZO which may determine, in part, the adsorbability of Cl
which itéelf will be preferentially solvated by TFA ox HZO' depending on
bulk solvent composition. A possible effect of adsorbed TFA solvent
moleculeé ( electrostatically at the O-atoms, since there is no evidence
?f dissociative chemisorption at the CFj-group ) in interfering with
the C1" recombination by impeding iwrface diffusion must be recognised
but no information is available concerning such behaviour, However,
wa£er itself is also known to be strongly adsoxrbed at Pt.
: * The symmetxical shape of iliméié“‘mgggiHéo in Fig. 11 is an
intexresting feature of the results with regaxrd to the solvent effect in

the dnetics of 012 evolution. It is suggestive of a selective replacement
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of one solvent component by the other in the élecirode interphase ('analogous
to a titration curve )} with a corresponding influence ;n the free energy of
activation for the C1° re;ombination step.

This effect may arise from (a) dependence of specific adsoxption
of C1” ion on local solvent composition in the double-layer and (b) from
the composition-dependent oxide film coverage [ see Section (viti) J ..

In TF@/HZO mixtures with C1  present, it is not possible to
detect ( cf. Fig., 4 ) any oxide film coverage ( i.e. S0y ¥ 5% ) at Pt, even

with 1 min holding time at potentials above the Cl, evolution potential,

2
until ca. 58 mol% H,0 is reached. This corresponds to the composition in
Fig. 11 where'E1 changes its direction with seolvent composition and k2
begins to increase rapidly.

Nevertheless, in the composition range 0 to 50 mol% H20, k2 is
increasing substantially ( Fig. 12 ). Hence it seems necessary to attribute
the initial increase of k, to changing specific adsorption of C1~ and/or
to changing composition of the interphase layer of solvent at fhe electrode
surface. Both the selective Solvation of the surface and that of the C1~
ion will determine the specific adsorption characteristics of the C1 ion
at Pt under the conditions of the present work.

Avove ca. 58 mol% H,0, surface oxide coverage begins to become
significant and will tend to infiuence the kinetics of C1l° recombination
due to change in the nature of the Pt suxrface, as will be discussed in

Section (viii).
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(viii) Coverage by S}gp?rodeposite& 0 Species: The kinetic behaviour

of the Cl, evolution reaction ;;EE?E(HZO mixtures does not approach that
characteristic of 100% ag. solutions bf C1~ ion until quite high (~0.5 -
0.6 ) mol fractions of water are present, This seemed at first unexpected,
since (a) it is found ( Fig. 3 ) that iﬁ TFA ( without C1~ present )

the Pt oxide film becomes easily detectable already with 0 2~0.5 mol% K, o
present; and (b) recombination kinetics are found to apply in all the
solvent mixtures studied, so that only the surface state of the Pt electrode,
e.g. 2s determined by oxide film coverages, would be expected 1o determine

the kinetics, as noted by Littauer and Shreir(léo)

- Measurements of the extents of Pt surface oxidation in 0.5M XC1 +
0.0 HC1l over %he 012 evolution potential region were made at the rotating Pt
disc electrode by means of a cathodic sweep from various positive potentials
held constant for periods of 60 s at each potential, Provided that sufficient
w (> 2000 r.p.m. ) is maintained with a large volume of solution, the Pt
surface oxide reduction peak can be well resolved from currents for reduction
of previously evolved 012 ( N2 is bubbléd‘ig such solutions ). These expe-

riments ( cf. Fig. 4 ) gave the interesting results shown in Fig. 13. From

1,3 t0 1.6 V E, the extent ‘'of surface oxidation remains quite constant at

ca. 90 C en” 2, viz. ca. 40% of a monolayer counted in terms of OH specles.
For comparison, the potential-dependent oxide coverage observed ( cf. refs,
61,69 ) in 0.25M K,S0, + 0.023M H,S0, at Pt is also shown in Fig. 13.

Thus, even at potentials where 012 is evolved at relatively rapid
rates ( e.g. 20~ 30 mA cn 2 ), the coverage of the Pt electrode by oxide.

is less than 50% and remains almost constant with varying anode potential

In dilute aq. H; SO4 or HClOQ, free of C1 , a2 monolayer of OH specles appears

to be formed at the Pt electrode at 298 K when the potential has reached
+ 1.10 = 0.03 V EH
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over most of the experimenﬁal range of potentials for 612 evolution,

This result explains why the plots in Figs. 6a,b and 7a,b are
(a) linear over an appreciable range of potentials, giving a constant k,
value except as 6. + 1, i.e. as i, o iz,lim ; and (b) exhibit vexy
little hysteresis ( ef., Fig. 5 ) w.r.t. the n factor for ascending and
descending current densities ( contrast the case for O2 evolution where
there is a substantial hysteresis in the kinetic behaviour related to
hysteresis in the curve for degree of oxidation of Pt electrode suxfaces
as a function of ascending and descending potentials ).

- The results in Fig. 13 for oxide coverage:as a function of
potential in the presence of C1~ ion in comparison with the more familiar
behaviour in its absence ( e.g. in ag. H,S0, oz HCIO, ),.implies that the
-noxmal potential-dependence of oxide coverage is almost cempletely
cancelled by that of C1~ and/or C1° coverage, when Cl™ ion is present.
Thus "‘Gox " and QCl_
exp factors in VF/RT together with similar exp " g6 " factors ( cf, xefs.
196,197 ).

or 901' are both probably determined by competing

Fig. 1% shows how values of k, and ii depend on the oxide
coverage ( as charge measured in cathodic sweeps, after 1 min. holding at
various positive potentials ). k, from i2,lim and from the plots of Figs.
6z2,b and 7a,b differ in their dependence on oxide coverage for the reasons
mentioned earlier ( p. 99. ). Three of the values of ké in Fig. 12 for
lo; H,0 contents are not shown in Fig. 14 since they correspond to zero
observable oxide coverage.

» -

It may be suggested that the origin of the rathexr continuous

o
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dependence of k, on solvent composition { Fig. 12 ), all the way from small .
H20 contents in TFA up to 100% ag. solution of €1, is as follows: Up to
ca. 58 mol% H,0, the variation of k, appears to be due principally to Cl~
ion, as suggested earlier. Beyond 58 mol® H20, the Pt surface begins to

(162,204) competition between

become increasingly oxidized but the well known
c1” aﬁsorption and OH/O(ZOI'EOED is still impoitant. Thus, even in fully
ad. solution, surface coverage by OH + O species is substantially less than
100% at the Cl, evolution potential (2 1.35V By ) while in ag. Cl1™ - fxee
stou the degree of surface oxidation of Pt would normally correspond to
ca. 2e/Pt atom at these potentials. Eventually the Pt surface is appreciably
oxidized as the 100% H20 composition is reached and k2 then approaches a
new constant value characteristic of a Pt surface partially covered by
oxygen and C1~ species, as well as the intermediate Cl° of the reaction
.mechanism, The ratio of oxygen to C1 species adsorbed at the electrode
appears to attain a constant value with increasigg potential beyond ca.
1.1V Eg.

The experiment conducted in 100% TFA but with a pre-oxidized
electrode ( central curve in Fig. 5 ) shows that when there is no free
Pt surface on which C1~ can be specifically adsorbed, the i, velues
are between those for the 100% anhydrous and the 100% ag. solutions. This
result confirms that the best conditions for catalysis of the C1° recom-
bination process are those where some partial degree of surface oxidation
of Pt exists but some free metal surface remains on which C1~ ion can

be co-adsorbed.
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(1x) Conclusions: Some general conclusions arise from this work. It is
found that 012 evolution occurs with greater facility on an electrode which
is partially covered by an oxide film than on either the " free " metal
. surface or a " fully oxidized " Pt surface. The substantially greater
values of k2 for partially oxide—covered than for the free-metal surface

1nd1cate that the Cl1° intermediate is more weakly bound at the oxlide than

at Pt metal sites. This seems reasonable, since the surface orbitals are
already involved in interaction with chemisorbed CE and 0 species in the
former case. However, co-adsorbed €1~ ion appears also to have an importaﬁt
influence on the recombination kinetics. The fact that recombination-controlled
kinetics apply under all conditions investigated means that k1}>_k y l.ee,

the coupled desolvation of Cl~ and electron dischaxge are facile %or this

jon. It is to be noted that recombination-controlled kinetics are also

observed in molten salt systems(179).

Similar conclusions apply to O, evolution: e.g;, on Au and Pt,
itasis found that a certain anion-dependent state of the oxide film must be
attained befoxe 02 can be evolved at appreciable rates, Also, it is found
ihat the efficiency of the Kolbe evolution of hydrocarbons at Pt from
cérboxylic acids depends on the state of the oxide film at Pt., This approach
maf'possibly also apply to cathodic H2 evolution: this reaction occurs with
the highest exchange currents on those metals on wﬁich a strongly-bound’
film of adsorbed H is already present at at or below the reversible

potential.
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CHAPTER III

»

Cl~ ION ADSORPTION AND ITS INFLUENCE ON Cl2 EVOLUTION

KINETICS AND THE STATE QF OXIDIZED Pt ELECTRODES

1, INTRODUCTION

(1) Statement of Objectives: The results discussed in Chapter II

demonstrated the important cataly}ic role of Pt surface oxide in Cl2 evolu~
tilon at Pi-anodes; fhis was shown by comparing the kinetiecs of the-reaction
at Pt in agueous solutions with those in an anhydrou$ non-agueous seolvent,
trifluoroacetic acid ( TFA ) : in both TFA and H,0 as solvents, and in
their mixtures, thelrEactign was shown to be recombination controlled

but the rate constant was substantially larger on the oxidized Pt surface
in agueous medium than on the free metal surface in the-anhydrous medium
where'complete absence of an oxide fi}m was demonstrated.

The study also indicated th;”possible impoxrtance of solvent-
dependent specific adsorption of C1° ion on the recombination kinetics
through a competitive effect of Cl™ ion on the extent of surface oxidation
attained at various anodic potentials in TFA/Hzo solvent mixtures., The
latter effect, in water, is qualitatively well known from eaxrliier

(162,202,203)

studies ,as will be discussed in Section 1, (iii).

Thus, the work on Cl, evolution kinetics at Pt anodes in TFA/H2

2
mixtures was extended to a study of its dependence on [ Cl ] in agueous
medium in relation to (2) the state of the oxidized Pt anode surface and

(b) the dependence of that state on Cl™ ion adsorption. This is important

since the state of oxidation of the Pt surface, which is'modified_by cL”
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(162 201) can determine the catalytic properties of the

ion adsorption

e for C1° recombination.
* h ]

are therefore two main aspects of the work to be decribed

in his Chaptert (a) 2 demonstration that C1° recombination controls the
kineticS3f the overall éeaction at all Cl - concentrations and (b) that

the properties of the electrode surface, influenced jJointly by Cl--dependent
extent of surface oxidation and by co-adsorbed Cl~ ions, determine¥the rate

constant for the surface-catalyzed Cl° recombination step.

(i1) Previous Work on Cl~ Ion Effects on the C1, Bvolution Reaction:

The mechanlsm of the reaction was previocusly often.discussed

(119,143,166,176)

on the basis of the Tafel slope » An important further

(205,206)

criterion is the reaction ordex - here the dependence of rates

on C1~ concentration(iss). For simple charge-transfer redox processes,
there is Iittle interaction between the reacting species and the ;lectrode
surface,and the rate-determining step is simply a quasi-homogeneous charge-
transfer. Vetter(205) fbrmulated a general method for evaluatlng reaction
orders for simple charge-transfer controlled reactions of this kind,

Many electrode processes are, however, heterogenous and thus much
more complex. fhere is usually then (2) an enhanced surface concentration
of reactants due to adsorption; (b) a surface concentration of adsorbed
intermediateswhen the reaction is 2 multi-step one; (c) specific adsorp-
tion of ions ( usually anions ) which influences the surface properties
of the electrode ané the interfacial electrode/solution potential-profile
and (d) surface-specific electrocatalytic effects. .

The Cl2 evolution reaction at Pt is .complicated by specific

adsorption of Cl  ions and their influence on the surface oxide film at

s
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Pt which exists at potentials where Cl

> evolution occurs at appreciable

. rates. -

In H20, the Cl2

potentials where the Pt surface is covered significantly with an oxide film

evolution reaction can only be studied over a range of

which,according to some authors ( cf. refs. 144,151,160 ),causes inhibition
of the overall reaction. Since the amount of adsorbed oxide species varies

with the potential, the interpretation of the kinetics of 612 evolution

" nust take into account the potential-dependent coverage of the electrode

. - ! - -
by oxdde species. Also, the influence of the Cl1 ion itself should be

taken into account since it has been found experimentally that Cl™ ion

‘species are strongly adsorbed on Pt elecixode surfaces(lsz) [ see below

Section 1., (1ii)(b) ] . This factor was ravely taken into consideration
in early studies on 012 evolution feaction kinetics.

However, Frumkin and Tedorédze(157) made detailed invesfisgtioné

-of the reduction of Cl, and showed the reaction order of that process with

2
< - .
respect to [ Clzj to be unity and with respect to [ €1 | to be zero

at low [PCl” ] where the plots of V vs. log i are linear and independent

of [ C17 ] . )

»

In order to determine the reaction oxder for the Cl, evolution

. 2
reaction at a Pt electrode ,Frumkin and Tedoradze(lsy) -used a simple
method based on extrapolation of the linear region of the Tafel lines to
zexo overpotential which gives the cbncentrafaon-dependent.exchange-
currght. As the Tafel line observed at high cathodic overpotentials -
copsisted of two . regionSfLit was aséumed that théfreaction is cohposed
of two coqsecutive charge-iransfer steps with exchange-current densities

of comparable magnitudas. Fracin'®@7?) denonstrated for the case of a
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reaction composed of t;o consecutive\charée-t:ansfer steps that. the extra-
polation of current-densities to zexo overpotential of the linear part of
the Tafel line would lead to the stoichiometric mmber of the reaction
twice as large as the ‘true value if the exchange current-densities were
comparable in magnitude. Tﬂis would then lead.!o an apparent value of 2
instead of the true value in the mechanism; yhich is unity. Thus, the

stoichiometric number ¥ could be obtained ffom the following relation

L= i <1 = i.(1- i_/i+) = i [1-exp (-nnF/ vRT)]  (24)
and hence, near equilibrium, _ .
v = @:Lo(nF/RT) (&n/di) _q S (25)

_Parsonsggos) doubted the applicability of this equation since io values

were obtained by extrapolation to n =0 . when the reversible potential

was near the potential zero charge., According. to theoretical equations dgrived
by Paxsons(zosz thg apparent io evaluated by such a procedure would change
with potential in the potential-regibn ghere vrev is near tﬁe potegtial

of zero charge. \ o %

Dickinson et alglsl) studied the mech:Lism of the'Clz/Cl_ reaction
in some detail. In this work it was éealized tﬁat, in the aZnodic direction,
the potential-dependent degree of Pt surface oxidation complicates
elucidation of the kinetics of the elecfrochemical Clz~re;ction. However,
by pre-conditioning the electrode surface with respect to oxide f£ilm
formation, they showed that the 012 reductién reaction could moxe
satisfactorily be studied. {

. N R - ’ .
A rotating disc electrode was employed(151) in 1M HCL -

electrolyte solution. The order of the cathodic Clg reduction reaction
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was‘determined using two methods, one in which the bulk concentration of
reactant was varied and the other-in which. the current at constant poten%ial
vas related to the rotation speed of the electrode and hence %o the locdl
concentration at the electrode surface determined by the forced flow mass-
transfer rate. Thus,iat potentials sufficiently_pegative-to the reversible

potential, the current-density would be determined by

“ . R ! . ’
i .=”k‘[012]s (26)

where k is a rate constant at constant electrode potential and R is the
oxrdexr of reaction. The cancéntratioﬁ of 012 at‘thg electrode surface 1s
given by the quantity [ Gl,]_ . By using different rotation speeds, the
concentration of 012 at thé surface.could e expiesqed through the diffusion

current ;atio:

ld_l

[c,l = [ c12j (27)

At constant potential, t?i extent of oxide formation at the surface during
012 reduction could be kept constant so that, for a constant rotation speed,
a plot of log i vs. 1og[012] s wouid give a slope equal to the ordex of the
reaction., Dickinson et 31S151) used a range of rotation speeds up to 4000
r.p.m. at different potentials and found that the reaction orfler was unity

at low 012 cohcentrations but decreased to 0.8**0.6. at higher concentrations.

By plotting current vs. potential relations, they concluded that the simplest

reduction mechanism in accord with these results would he:

o + M + e==—=M- + C1°
2(aq) Foem==M-Cl + Qb ()

Cl-M + e—=M + 01E 2q) -
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in which the last step was considered to be.rate-determining, but comparable
in rate to the reverse of the first step. |

In order to investigate more satisfactoril& the mechanism of the
_012 evolution reaction, Enyo éhdﬂYokoyama(zqg) extended Vetter's method
to make it applicable not only to charge-transfer controlled processes but
also to more complex reactlions involving‘an heterogeneous cheﬁical step.
They dexrived the reaction_oréér for the anodic.Cl2 evolution;process,taking
into account the variation of rate with CL™ concentration and Cl, pressuxe
in‘ the usual way. The derived reaction order was found to depend on the
concentration of €1~ ions, and varied £ron 1 to 0 at Pt in 1M H,S0, solution '
at 25° "¢ for PClz varylng from 1 to O. 089 atm C - from 0.2 +to 0.006 M for
overpotentials up to 300 mV. Although they i'eported curved n - log i plots,
reminiscent of a recombination-controlled i-n relation, they concluded
that the CL~ ion discharge step was mjﬁe-detemining rather than the
aischarged C1° reconbination. It should be mentioned, however, that it
was concluded that the influence of oxide fommation wes almost inveriant in
the expefimenﬁs since the current vs. potenﬁial‘behaviour was obsexved to
be the same with increzsing and decéeasing current-densities. They assumed
( incorrectly ) that the foxmation and reduction of Pt surface oxide is a
slow process and thus the state of the surface was ASsumed to0 be unchanged
during the short time current transients of about 10 ms that were used in
these experimenté.

The kinetics of both the plz evolution and 012 reduction p?ocesses

on Ti-supported metalg(;43):and metal oxides(lqa’lss)

such as Ti/Pt-Ir
-( in different ratios ) or T'i/IIO2 and RuO, were studied by Faita et a1g143,144)

in solutions of NaCl in the concentration range 0.1 to 1M and 1.0 to &%.0 M,



- 123 -

respectively. These authors(lus) also studied Pt in 1M NaCl(%t H 2.
€1,/ soln.
They defined the B, for C1,/C1” as E® + RI/F Ir—2
. rev < anq-
in the usual way while the potential values of the electrode at different

current-densities wexe defined as:
E = E + N, + N (28)
where n4 is the concentration polarization defined as

{an )
Cl.’ surface
RT/2F 1n —2 (282)
(aClz)solution

and no is the activation polarization. The total overpotential is

1 +n2.

They observed that (aCIZ)surfgce inereased as the anodic current-
density increased, until a2 f&mit was reached ( at rotating disc electrodes

n

. . -2 (144) .
with a current-density of 10 ma cm ) after which (a012)surface

became constant., At high anodic current-densities,the potential should

be decreased to an extent determined by the ratio

e (a012)surface

(%01,) sorution -
- They concluded that the potentials were independent of the C12 concentration
*
in the solution. Thus the Tafel plots exhibited a steady slope of 32 mV

above 10 mA cm_z

in 4M NaCl solutions. This indicated that the recombination-
controlled mechanism applied. - 7

Krishtalik et al£1?5) revised his own earlier proposal that the
recombination-controlled mechanism applied at Ru02/Ti-supported electrodes
on the basis ﬁhat the observed dependence of the overpotential on Ci- ion

concentration gave a reaction oxder for the anodic reaction equal to 1.

¥*
These authors bubbled N2 in thelir experiments and were thus able to detect
the linear Tafel region below the standard ( 1 atm c1, ) reversible poten-

tial ( see p. 98 ).
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Therefore a so-called " chloronium ion " pathway was proposed:

M + (1 M--Clads + e
+ —_

M—Clads_'— Cl + e + M

clt v = c1, (fast)

The zeaction mechanism on RuO2 electrodes seems to be more complex
" possibly due to the relatively éhick oxide film on the surfacg which shou%@
be taken into éccount. The adsorption of C1™ ions on the electrode surface
depends not only on Cl~ concentéation but also on the pH of the sqlution(zioj.
This is because the state of the oxide is pH dependent. 3
Arikado et algiig) obtained information on the reaction oxder at
o -
RuO2 with respect to C1~ ion concentra%ion indireétly from the slopes of
plots of log io vs, Erev y 2ccording io the method discussed by Yokoyama
and Enyo(168:209) | 1 o found, rether inexplicably, that E__, d4id not
obey Nernst's equation when the " 20 " of the bulk solution was used. There-
fore, they stated that the information on the reaction order with respect to
Cl™ ion cannot be successfully obtained from the plots of the log i° VS. Erev’
A value éf 2.3 was obtained but it was considered that this figure indicated
that the reaction oxder-was 2. Since the observed Tafel slope was 40 mV,
it was concluded that the most probable mechanism was the Volmer-Heyrovsky one
with the Heyrovsky step ( Cllse + 1™ — Cl, + € ) rate-determining at

-

low overpotentials.
In the case of graphite anodes used for 012 evolution, the electrode

Process is more complex due to the porosity of the graphite electrodes normally

employed and to the oxidation of the suxface of the carbon, as well as to

Cl™ ion adsorption. In the eariy work,possible nechanisms were deduced on

the basis of Tafel slope evaluations (PE0-18%) pino et 21(186) 4ok snto
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account the surf;cé roﬁghness of the graphite electrodes they used, the
surface oxidation and the C1~ ion dependence of the currents in a study of
" the mechanism of C12 evolution. The Tafel slope for potentials < 1.56 V EH,
when the C12 evolution reactlion proceeds on the " lowexr oxide ;' was

found to be 120-130 mV but at higher potentials the slope rises. The
reaction order* was obtained by following the dependence of current-density

on C1” ion concentration in the anodic process, and

R o= [2208L ¥ 0.6 o (29)
Blog Cy- | gc
'™Cl
. - 2 .

was found. The reaction ordexr for cathodic 012 reduction at graphite was
found to be 1 with respect to C1~ concentration. The differencel between
these two values was ascribed to disturbance of the oxide layer on the
- worldng electrode, In a later paper(ls?) on studies of the anodic €1,
evelution reaction on carbon at potentials up to 1.56 V E;p evidence was
presented that the Volmer-Heyrovsky pathway applies with the desoxrption
-step Cli * 1 — CL, + e rate-determining. At high anodic poten-
tials, the formation of carbon oxide species complicates the kineties.

Kim and Jorne(211) studied the kinetics of the cathodic and
anodic processes in the 012/01- reaction on graphite electrodes in concen-

trated Zn012 solutions, in order to understand the behaviour of the C1

1

2

The significance of reaction orders for electrochemical reactions will be

discussed in more detail in a later Section, p 150,

#At the equilibrium potential, Erev’ the reaction orders must be the same for
both directions of the reaction since the same rate-controlling step applies.
However,at cons;derable overpotentials in either direction, this is not
necessarily the case as the rate-limiting mechanism can then be changed in

some cases.,
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electrode in zinc-chlorine batteries, During a;odization, 012 is evolved

and it accumulates within the porous graphite structure, In the cathodic
direction, the reaction Cl, + 26— 2C1” 1is mass—transfer limited by
the Cl2 dissolved in the ZnCl

4 .
the graphite electrode. The reaction order for the cathodic reaction was

> solution and thiough 012 acéumulated in

obtained by the conventlonal method of varying the bulk’concentration of

012; a value R = hO.?# was obtained, It was assumed that the real

012

reaction order was 1, the smaller-value being obtained on account of slow

diffusion of Cl, from within the graphite electrode to its surface.

2
Tafel pblarization relations for both £he énodic and cathodic
directions of the reaction consisted of two regions with different slopes.
For the cathodic direction, the slope was ca. 40 mV at low overpotentials
(E <1.0V B, } and ~120 nV 2t higher overpotentials ( E > 1.06 V Ey Y.
In the region of low Tafel slope, t%e fractional coverage by Cl° was
assumed to be small, ©

2 0 but, increasing to 6 2 1 at high current-

c1* cl”
densities. The mechanism proposed for the cathodic reaction followed
that suggested by other workers, viz. the reverse of the Volmer-Heyrovsky
pathway:

012 + e==-==Clads + Cl

followed by a rate-determining step

\Cla,ds + e —= Cl =

7
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(133) Relation of C1~ Ion Adsorption to that of Other Halides

at Electrodes: State of Adsorbed Halide Jons

(2) Introductoxy Remarks: The state and strength of C1~ ion

adsorption at Pt and other electrodes is relevant to the interpretation of
the_kinetics of anodie 012 evolution, especlally with regard to (1) effects
dependent on C1~ concentration and (2) changes of state of anode surfaces
due to chemisorption of €1 ion, Before presenting the new work on the
dependence of 012 evolution kinetics on C1  concentration and on the

state of oxidation of Pt electrodes, it will be useful to reviey briefly
the present state of knowledge on adsorption of C1  and other halide ions
at noble metal electrodes.

The methods that hive been used to study halide adsorption
at Pt are (1) cyclic-voltammetry, from chﬁnges in H and surface oxidation
due to halide coverage; (2) relative reflectivity and (3) the direct
nethod, using radioactively labelled ions.

(b) Specific Adsorption of C1~ and Other Halide Ions: It has

been demonstrated by various techniques that halide ions other than F are
specifically adsorbed on Pt surfaces(2’36’42’43’162’212;213). The adsorption
of halide anions was found(2’36’212’213) to " compress " the hydrogen region
in charging curvesoxr c¢yclic-voltammetry measurements, and tends to shift

the H region of the chargipg curve to less positive potentials. It-was

also observed that adsorbed anions bleck the initial stage of Pt surface
oxidation(43’46’162'164). It has been found that the adsorption of halides

at Pt increases in the order F <X €1 < Br < I  at the same electrode
potentlal and for a given bulk concentration. Most studies were done at
halide concentxations > 10™M,

Gihnan(‘?'““) studied the effect of adsorbed C1~ ions on anodic
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charging curves obtained in 1M HCO,. When 107M HCL was present, a substan-

tial modification of the anodic charging curve was observed, caused by the

compression " of the oxide region due to adsorption of CL~ ions.

(162)

Breiter used a periodic potentiostatic technique and

impedance measurements in a systematic study of the adsoxrption of halide

ions with different additions of HCL, HBr and KI ( 10'6 - 107 ) at

(2,36,212,213)

smooth Pt in 1M HClOu solution. Frem previous work on halide

ion adsorption, it was found that over the potential range between H2

evolution and 02 evolution, halide ilons exhibit competitive adsorption
with Heatoms\2136s212,213)

(43,215)

in the H-region as well as with oxygen species
in the oxide region . Thus, by following changes in the shaée of
the voltammograms resulting from increasing concentration of halide ions
in the solution, it is possible to obtain information on the adsorption
of these ions, Since the three halide ions, €1, Br and I ,are discharggd
to form the respective elements at potentials less positive than that for
0, evolution ( at a detectable rate } it was considered that halogen
evolution will always occur prior to 0, evolution, This means that the
range of potentials for surface oxidation of Pt is diminished in the
presence of halide ions in comparison with that for halide-free solutions,
apart from the initial blocking effects referred to earlier, The kinetics
of evolution of the respective halogen elements were studied in a mmber
of papers, e.g. 012 evolution(144’149'152'155’168), Br2 evolution(lsz'lés)
(216)_

and 12 evolution

In the case of C1™ and Br™ ions, Breiter(162)

found (a) that
the adsorption at Pt is noticable already at low concentrations, 10'4 and
10_6M ,respectively; (b) that the adsorption also occurs over the H region

and (c) when a potential of 0.8 V E; is reached, adsorbed halide ioms
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(162)

cause blocking of surface oxide formation. Brelter suggested that

adsorbed halide ions partially replace electrodeposited oxlde species. In
the cathodic dirgction of the sweep, adsorbed halogen lons can be desorbed -

in the H region if thelr concentration is not too high, Since Br2 evolution

occurs at less positive potentials than Cl evolution, Breiter also

concluded(lsz) that C12 evolutlion most probably occurs in parallel with

oxide formation processes while, in the case of Br2 evolution, it proceeds

gg-the Pt surface which is not as yet covered by oxide species.
I ions exhibit much stronger adsorption than €1~ and Br ions(21?)

(218)

and they are more strongly adsorbed than H-ztoms , causing a diminution

in the accessibly measurable H coverage at Pt. The adsorption of I  is

more complex since already at a concentration 10_6M I~ , the formation

of Ig species occurs in parallel with oxide foxmation and the 12 evolution

reaction. Oxide formation in this case is s%rongly hindered by competitive

and strong I  adsorption. Another type of reaction miéht also be msﬁtioned;

it occurs at high concentrations of halide ion solutions. Under such

conditions, Pt electrode surfaces can undergo significant anodic dissolution

by forming complexes of the type Ptxﬁ~ : However, as pointed out by Breiter(1622

this reaction does not occur in the studies on competitiveiydsorption of

halide ions since the concentrations are usually kept very low in comparisom

with the concentration of the supporting electrolyte ( HC10,, or H,30, ).
Adsorption of Br~ ions on platinized Dt electrodes in 0.5M H 50,

has been studied by tracer methods by Bagotskii et 31(161’219). The aim

of this woxk H;E\fﬁ’investigate the effects of Br ion adsorption on btoth

H and oxide coverages at Pt electrodes. In order to determine surface

coverages of the electrode upon_adsorption of Bxr~ ion, they used three

parallel techniques: (a) measurement of decreases in oxygen adsorption;
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(b) obsexrvation of redistribution of adsorbed hydrogen amongst ‘the multi-

ple states of adsorption and (c) measurement of decrease in methanol adsoxrp-

tion. The first technique, 1f used above 1;1 v EH' leads to oxidation of

adsorbed Br and thus could be employed only for the potential range 0.5 V

to 1.1\IEH. In the second method, the amount of H strongly bound to the

Pt s;rface decreases as a result of Br adsoxrption but the amount of

weakly bound H apparently increases. The third method is based on the fact

that when a Pt electrode covered with adsorbed Br ions is placed in a

solution of MeOH of such a céncentration that, in the absence of adsorbed

Br ions, a monolayer of MeOH would cover the suxface, the MeOH will be

found ‘to adsorb only on that fraction of the surface not occupied by Br

ions. The coverzges in all three methods can be determined by fast anodic

or cathedic pulsé methods in which the decrease in total charge for -either

oxide or hydrogen adsorption is measured. A limiting coverage by Br ions

was reached at concentrations of Br 2 10_6M in the potential range 0.3 - 1.0V

EH on smooth Pt electrodes. When the limiting coverage of‘Br_ ions was

attained, there couvld be 0.4 monolayer of oxide co-adsorbed on the surface.

At potentials higher than 1.0 VE,, a decrease in surface coverage by Br

ions occurs due to oxidation of Br ion to Br,.
An interesting difference between the state of adsorbed C1~ ion

at Pt and that of Br or I was determined by Sobkowski and W;eckowski(zzo)

in studies of competitive adsorption with MeOH. The rate of adsorption of

MeOH at 0.5 EH was dec?eased in the presence of halide ions when simultaneous

adsorption of a given ion and the molecule was taking place, However, the

effect of Cl™ ion in decreasing the rate of MeOH chemisorption ( MeOH is

dissociatively chemisorbed at Pt as Pt:,C-OH + 3PtH ) wes found to be

3
greater than that of I . If MeOH was previously adsorbed on the electrode and
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halide lons then added, the organic species were competlitively desorbed only”
by C1™ ions. The differences in behaviour of the halide ions were attributed
(a) to the greater electrostatic intexaction of the Cl_'ion with Pt and

(b) in the case of Br and I, t; some reactions of these ions with the
species derived from chemisorption of MeOH.

Since experiments-at Pt are usually performed in stou.solutions,
it is of interest to kmow the degree of adsorption of Hso;+ ions at Pt
surfaces. Such experiments were pexformed by means of the potentiocdynamic
triangular sweep technique as well as by radicactive tracer measurements
by Bagotsidii et a1$9%) and Balashova and Kazarinov(92). The meximum value
of surface coverage of HSOL ions was found to be 18%(92) and it is concen-
tration-dependent; in more concentrated H2504 solutions Bagoiskii et a1g93),
found it reaches 21% coverage of the surface, The speoific adsorption‘of
HSO£ sons is thus much weaker than that of G17, Br or I ions.

Hubbard et al§221) used the cyclic-voltammetry method to define
the properties of chemisoxbed layers of F, C17, Br and I~ on Pt electrodes.
They found that each of the chemisorbed halidé species had an influence on
the H and © adsorption region§ of the i-V curves but the most dramatic
changes occurxed with I . When the surface is exposed %o 1 mM aqueous
solution of NaI, the I adsorption completely prevents H and 0 electro-
deposition over the normazl ranges of potential characteristie of the clean
Pt surface 162, The changes in the i-v profiles are not so drastic in the
case of Br and C1~ and ave least for F, although the compression of K
and 0 electrodeposition/desorption peaks is obvious. As Breiter(léz) sh;wed,
halide ion adsorftion has the effect of decreasing the amount of H deposited
at a éiven eléct:ode potentigl so that the current peaks are shifted tq less
positive potentials., Hubbard et al£221) pointed out that the chemisorption

of halides on Pt surfaces is an irreversible process, e.g., the chemisorbed
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halide ion is not removed from the surface until EEe surface 1s cleaned
at high negative electrode potentials. Chemisorbed layers of Cl, Br or I
were found to be less reactive with respect to oxidation than the correspon-
ding free ions in solution.

Aqueous I anion was shown to react with the Pt surface to form
uncharged adsorbed spécies. On the other hand, F , C1” and Br are adsor-
bed in the anionic form. Thus F , €1  and Br cause the electrode surface
to be less positively charged. The I 'causes an oppositte effect. This was
deduced on the basis of the negative shift in " rest " potentiallof a Pt
electrode when I anions are adsorbed., The reason for this behaviour was
given (a) by Bagotskii et ai£201) who proposed that the shift in potential
is due to the specific adsorption of I in anionic form and (b) by
qubaid et 2102221223) 4 chowed that chemisorbed I~ is converted to
a neutral species which diéplaces ( or replaces ) adsofbed aniops‘and thus
shifts the outer Helmholiz léyei potential. These measurements were done

using thin-layer electrodes(EZI’zzu)

consistiqg\of a specially pretrgated
Pt rod electrode positioned concentrically within a close-fitting precision
capillary. The electrode gz;face ina " clean ™ state'was obtained by
heating the electrode in an oxygen flame after which it was cycled in 1M
HClOQ solution: to remove any remaining traces of organics from the surface.
Prior to the adsorption experiment, the electrode was reduced at 0,0V EH
to remove the surface oxide andAthen it was exposed to the halide solution
for 180 s at open-circuit in order to obtain a reproducible surface
coverage by the adsorbed ion. " Thin—layei " coulometry was used to
deéermine the charge azssociated with adsorbed halide ions on the Pt
surface by cdmpa:ing the experimental values of ion coverages with theore~
tically calculated charges.

[
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The electrochemical investigatitn of adsorption‘of anicns on Pt

surfaces shows that anions such as €1~ and Br lead to a;:edis%xiﬁution
of H adsorbed over the H region, but cause only a small change in the
#otai H coverage. These ani;ns also block the formation of surface oxide
at more positive potentials (> 0.8VE, )R The I~ anion, however, exhibits
quite diffe;ent behaviour since its adsorption reduces the amount of H
which can be adsorbed 3s well as the oxide. Adsorption of halide ions was ’/f;“
also studied on Tr electrodes by Bagotskii et 21(225)

‘The surface properties of Pt, Rh and Ir electrodes i solutions

(226, 227) Measurements

containing F anions werﬂﬁgtudled by Frumiin t al.
were made(226 227) from galvanostatlc ‘and potentlodynamlc charglng curves,’

and the sq;;alled isoelectric potential shlfts(zzs) were also determined.
The absorbablllty of ¥ ions on Pt, Rh and Ix was found to be substantzally
less than that of sou or 010a which prev1ously(92 1935 2Q1) were,con51dered to
be the ledst specifically adsorbed at platinum metals. On the basis of
isoelectric poteptial shifts ( potential shifi due to adsorption of surface-
dctive ians at constaﬁt electrode charge ) coupled with the charging.curvé
measurenents, it(225) was possible to.chaiacterize quantitatively the
dependence of F adsorption on potential at the above electrodes. In the
range of potentials 0,5 - O.BVEH F ion was maiﬁédly less adsorbed than
SOET on. As the potentill is shifted to more positive values, the amount
of ;gzorbed F and Sqi- ions on Pt, Bh and Ir surfaces decreases due -to

their displacement with adsorbed oxide species. It was found that the

bed F~ ion is greater at Rh and Ir than on Pt.in the H and

" double-layel  regions. This was ascribed to the fact that oxide adsorption
at Rh and Ir occurs at less positive potentials than on Pt (€0.4V EH).

The displacement of H reglon peaks in potentiodynamic sweeps shows the

o

3



‘ - 13 -

»

shift in the ionization Teglon of adsorbed hydrogen towards more anodic
potentials et Rh and Ir electiodes in 0.14M HF solutions, while in the case
of Pt only a decrease in the Hé’c _peak ( seée Fig. 2 ) was observed. This‘
type of experiment also confirmed that at Pt hydrogen is much more strongly
'bblmd. than 'the‘ F~_ion, while at Pt, Rh and Ir , F~ is the most weakly
adsorbed anion . ) .

Since the effeéts of specifically adsorbed..C1”-, Br and I~ ions
a;e found to . be detectable alfead&.ét very low concentrations, it is useful
to mentibn that some standard concenirated reagents normally usig for
preparation of supporting eiectrolyte solutions contain’;igﬁificant trace§ .
of halide ions, e.g. ;onc. HZSOQ, COncr HBPoh and cgnc. HC104 contain 5255
0.00005%, 0.0003% and 0.003% of 1™ ions, respectively. Horanyi et a1¢203)
employed the xaﬁjﬁﬁzaﬁgp technique(zoz) to determine the effects such 1ow
concentrations of Cl-.ions‘could have 6n other adsorption processes at Pt
surfaces. They‘concluded that even slight contaminﬁtion of gtandard
mineral acids with 1~ ions would result in a sharp change in the adsorption
behaviour of these acids on Pt.

.

14
(¢) Refdectivity and Halide Ton Adsorxption: An interesting study of -

poténtial curves depend on the halide ion concentration at potentials
where hal%ge ions are adsorbed. As the halide ion concentration is increased,
the reflectivity decreases and approaches a limiting value at higher ion

~y ). At that point it was stated thai the diffusion

concentrations ( up to 10
‘of halide ions to and from the electrode becomes the rate-controlling process.
From the reflectivity and voltammetry data, the so-called " adsorption

1
potentials " ( the potential for maximum rate of change of reflectivity
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with potenti'al)weré estimated for I”, Br  and C1” anions, and were linearly,
dependent on the third power of ionic radius; this indicates that the prin-
cipal factor responsible for adsorption of these three ions is'tﬂeir -
Jpolarizability, but 1one-pair donicity may be an equally significant

and more ion-specific factor that was not considered,

Halide adsorption on Pt electrodes was also studied by ellipso-
metry by Chiu and Genshaw(zao), where' the main effect is‘a'diminution of the
ellipsometric parameter, A . They found, however, that elllpsometry is not
as sensitive as voltammetric techniques(162 201) since Br adsorption was
detectable from 10 6M solutions by the latter method but only at concen-
trations > 107°M in ellipsometry.

Barrett and Parsons(231) neasured the relative reflectance changes,

AR/RR, caused by C1~ and Br 3ion adsorption on Pt and showed that lowerlng
of the reflectance was detectable even with 10 5& solutions of tromide,

They stated that the increase in coverage of adsorbea "Br ions with increasing
anodic potential could be determined from the lowering of A‘R/R! caused by

the presence of Bxr ions in the solution.

Gottesfeld and Conway(232) shoued,-in reflectance measurements,
that the txansition between electrostatic adsorption and chemisorption of ﬂ
halide ions could be distinguished during the anodic polarization of a.
mercury electrode in halide ion solutions. A reversal of sign in thé Plot of
( 4R/R %ﬁgg. V, detected at ca., ~-200 mVlX§. the Hg/Hg2012 reversible poten-
tial, could be ex_glained only by an absorbing surface film formed due +o
partial covalent bonding between the specifically adsorbed anions and Hg atoms.

_ Gottesfeld and Reichman(233) used combined ellipsometric-reflecto-
m;tric measureménts #o follow halide anion adsorption at very low concentra-
tions at Pt. Two effects are involved: the change of optical constants with

anion coverage and their change with potential. As the coverage of adsorbed
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halide anion increases ( viz. Op - ) at a constant potential, this causes
an increases in-the refractive index on the solution léyer aijacént to the
electrode(230) and also causes a modulation of the complex dielectric .«
constahi of the surface metal atom layer due to the incre;se in excess
p;sitive chaxge. These two contributions were estimated as (3a/ 365, )v
for constént.potentialt The chénge of electric field across the film of
adsorbed bromide ions at'constant coverage may also result in a noedulation
of the optical constants of both the metal:;urface layer and the layer
of the specifically adsorbed ions themselves ( polarization effect ). ihese
ef.fects were considexed in temms of ( an/ av )QB _ for constant Br adsorp-
tion; this derivative-was found to have é'negatize sign due to anionic
coverage. The explénétion was given in terms ofla field~induced charge-
transfer ﬁodel_in whiqh the field-induced charge-~transfer from the adsorbed
layer to the @etallic substrate results in'a_decrease of the effective film
thickness and its.zefractive index, as well as its extinction coeffic;ent.

A concentration of 8x10_uM Br is known(iéz)

to cause considerable
adsorption of Br ion at Pt resulting in a decrease of & with increasing
pqﬁential in +the " double-layer " region. The decrease in 4 due to oxide
formation was found to be shifited to highe; anodic potentials in the

presence of Br ion; this is consistent with the cyclic-voltammetry behaviour.
Also the lowering. of ( AR/R )" with anodic polarization in the " double-

layer " region was stronger in the presence of 8x10-4M Br ion. When

8x10-4M Ci_ w;s used, ellipsometric measurement of cathodic desorption of

Cl~ showed that the changes in the " double-layer " region axe larger

than with Br ion. .

Yeager et al£234) studied the specific adsorption of Br ions

on gold in the presence of a large excess of non—specifidally adsarbed

Cuny
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suﬁﬁorﬁing electrolyte, NaF, by the s?ecular refléctan;e technique
accompanied by cyclic-voltamﬁet:y studies. The change in relative reflec-
tance, ( AR/R ), produced by the addition of Br at a,given potential
could be coxrrelated with the change in charge obtéined from cyclie-voltam-
metry curves for the same concentration of Br ion at a given potential.
Tﬁis led to the conclusion that the reflectance éhanges are directly
proﬁortional to the coverage by the specificélly adsorbed halide ion: The
change in opticai froperties of the surface due to tﬁe adsorbed layer
was due to the replacement of solvent molecules by the hallde ions. Since
the reflectivity changes with Br were less pronounced than those produced
by adsorption of I” on Au, where localized orbital interactions were
assumed(235), the bonding of Br to the surface was assumed to have much

less covalent character.

(iv) Conclusions: From the above review of previous work on the

kinetics and mechanism of ic 012 evolution, and on adsorption of
C1l™ and other halide ions:SZZiis concluded that the xole of coverage of
Pt anodes by the surface oxide film in the kinetics of 012 evolution

is poorly undersiood. The situation is evidently complicated by the
dependence of this coverage on C1 ion adsorption, as found in various
previous works. Also, the potential dependence of oxide film coverage
and C1 3ion adsoxrption haé not been well defined. These are ¢learly
matters which are likely to be of importance in the interpretation of
anodic Cl2 evolution kinetics; for example, they complicate the sig-

nificance and interpretation of reaction orders in [ €1~ ].

*
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The work described in Chapter II.gave information on the role
of the oxide film in the kinetics of Cl, evolution in TFA/HéO mixtures.
In the new work to be described below in this Chapter, an a?tempt has
been made to examine the effects of C1~ c?nbentrations on the kinetics
up to high Cl™ concentrations and relate 1t o (2) the mechanism applying;
(b) the reaction order and (c) the Cl -dependent state of the oxidized
Pt surface which (d) determines the catalytic properties of the electrode

for discharged Cl° recombination.

2. EXPERIMENTAL

(1) Methods: In oxdexr to characterize the electrocatalytic behaviour
of the Pt electrode surfaces in C1 solutions # various concentrations,
steady-state current-potential relations were obtéined potentiostatically
at 2 rotating-disc Pt electrode. Measurements were made in both ascending
and descending directidns.oé potential change. Cuxrents were recorded on
a Sensitive Research micro-milliammeter and potentials were read from a
previously calibrated digital millivolimeter. Currents were measured 30 s
after each adjustment of potential; this pr;cedure enabled very reproducible
curves to be obtained, In all the steady-state measurements, 012 gas
(1 a2tm ) was bubbled through the solutions, the whole apparatus being
maintained in a fume hood.

The log [ current-density]vs. potential curves all exhibited
( see below } an approach towards limiting currents at €levated potentials

( cf. 168 ) so that it was important to conduct a series of runs at
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various rotation speeds in oxder tdfevaluate the role, if any, of mass-
transfer control at high current-densities. For similar reasons, " iR "
corre;tions were made to the data by obtaining the iR drop velues, AV,
by the current interruption technigque, using a vacuum relay énd recoxrding
AV on aﬁ oscillosé;pe with a fast time;base setting. Small but signi-
ficént values of AV arose at high current-densities and were linear
in 1. . [
Cyclic-voltammetry experiments were conducted in the usual
way(ZZa,69) in order to evaluate oxide film coverages or the degrees of
surface oxidation 6f the Pt electrode in terms of e per Pt atom in the
surface, based on(ss) a charge foereposition of an H monolayer of
210 pC em™2. The observed charge for monolayer H desorption ( anodic sweep )
gave the real area of the electrode and hence the xeal current—densi£ies
corresponding to the 012 evolution current measurements, based on the
a2bove figure pf 210 ju.C c:m-'2 ( real area ).
After each run at‘;sceﬁding and descending anodic currents,
the electrode potential was returned to a value { 0.05V EH) at which
the oxide film formed on the Pt electrode surface in aqueous solutions
would have been reduced. This proéeduxe was adopted prior to each evaluation

of the current-potential relationship for Cl, evolution, in order to

2
achieve reproducible initial Pt surfaces, as in the work in TFA (Chaptef I7).

(i1) Rotating Pt Disc Electrode: The electrode ( Pine Instrument

L]

Co., Pa. ) mounied in Teflon was used for all experimental runs, The
same rigorous cleaning procedure was employed as already described

in Chapter IY, Experimental Section (iii), page 72.
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(111) Solutions and Salts: A.C.S.analytical grade KC1 used in this

work was recrystallized twice and dried at 150°C in vacuc. The kel
solutions at various concentrations were made up with analytical grade
ag. HCl to give solutlons 0.05M in the acid. Water used as solvent was
pyrodistilled, following two Tegular distillations, according to the

procedure described previously(?3).’ '

(iv) Oxide Coverage in Ci. Evolution Experiments: The coverages or
[=h

quantities of electrodeposited O species generated Just uplto 012 evolution
were evaluated in various solutions from the cathodic curreﬁt vs. poten-
tial profile in 2 eyclic-voltammetry curve obtained at the Pt disc
clectrode rotated at a nominal slow xate ( 400 x.p.m. ), in-the sﬁ&e
way as described previously in Chapter II, Experimental Section (iv),
page 74. |

Another {echnique was also used to estimate the aciual percentage
of the surface blocked by €1~ ions. This procedure was based on the fact
that adsorbed Ci~ ions block the formation of surface oxide on Pt, as
well as modify both the cathodic and anodic H regions ( see Chapter I and
refs. 162,201 ). Since the charges corresponding to the oxide coverages
could be accurately obtained in the case of C1 -ion~free solution and for
solutions containing C1~ ions at various cancentrationé by following the
procedure already described ( Chapter II }, it was of interest to evaluate
the percentage of the surface oxide blocked in texms of the change of
oxide formation charge at the Pt electrode surface as a function of €1 ion
concentration. This type of experiment was carried out by means of a precise

"nicro—titration” procedure; thus the initlal solution of 0.05M H2504 in the
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cell was titrated with HC1 solution which was added incrementally ( 10 33 )
from.a precise micrometer syringe. As the addition of C1 ion progresses
the " compression " in the oxide formation region'and the diminution of

the charge for the oxide reduction peak can be easily observed.

(v) Reference Electrodes: Both the H, ( 1’;;m»}£33’3pd (g +8) PdH/H+.
electrodesclgs) were used as calibrating refe hce electrodes. Both were
satisfactorily reversible and-gave'stablevpotz:%ials. During runs, a |
Ag/AgCl electrode, formed on a Ag wire mounted Nthi a thin-walled
capillary tube acting as a Luggin probe, was used. Cl, ov tentials -

(n ) were calculated from the potentials measured vs, the Ag Agei*’"/:
electrode, knowing the published standard. potential datd and information

on activity coefficients(lgs). N

3. RESULTS

(1) The log [current-density ] vs. Potential Relatioms: Fig. 15

shows the log [cuxzent—density, i] vs. overpotential, n , relation
for Cl, evolution from 0.5M ag. KC1 + 0.05M HCL at the Pt rotating-
disc electrode for ascending and descending changes of potential and
at a mmber of electrode rotation speeds up to 6400 r.p.m. The curves
show an ascent towards a limiting value of the log of the current-
density, characteristic of recombination-control ( of. refs. 180,196 )
in the kinetics. The data presented in Fig. 15 demonstrate that the

currents are not significantly influenced by the mass~transfer rate, so
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Fig, 15 Iog [ current-density ] against ove';r:potentia.l curves for C1
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evolution from aq. 0.5 KC1 + 0.05M HCL (298 X) at a rotating-
disc Pt electrode at 1600, 3600 and 6400 r.p.m, .( ——ascending

change of overpo'bential-

—— " descending changes of overpotential).

Separate dashed line is Tafel relation for hypothetical charge-trans-
fer control reaction, with /3 = 0.5 .
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that the approach to the limiting current is kinetically controlled, as
was found in previous work in ITA/Hzo mixtures ( see.Chapter II ). It
is to be noted that the log 1 vs. n data shown in Fig. 15 have already
-been corrected for iR drop as mentioned in Chapter II ‘under " Results ";
so that this is not the reason for the approach towards apparent limiting
current béhaviour. It was also shown, by using a - galvanostatic "
current generator rather than a potentiostat, that the approach to a
limiting current was not an artif;ct arising from limited current output
from the potentiostat. |

In subsequent experiments at eleven other concentrations, the
log ¥ ¥s. n relations were &lso recorded at rotation rates of 1600,
3600 and 6400 r.p.m. and iR drop corrections were made to all data points.
The results of seven of these experiments are shown in Fig 16. where data
tﬁken at 6400 r.p.m; for ascending and descending changes of n  are
plotted. Mass-transfer control was not significant at any of the concen-
trations studied. The highest currents recorded in Fig. 16 are those just
before a rapid ascent to the respective limiting currents occurs. When
the latter behaviour arises, the potentials cease to be stéady due to
the high slope of the currentéyoitage characteristics. These effects axe
obsexrved in both the aqueoﬁs and non-aqueous solution work ( see Chapter IT ).

Est;mates of the limiting current-densities, ilim y and of
In i,, ~are shown as a function of C1 ion concentration in Fig. 17.
There is evidently a clear approach to z2lmost concentration-independent
values of 1,4, 2t concentrationsabove ca,0.8~ 1.*0 M which is
probably connected with saturation specific adsorption of the C1~ ion

( see below ).
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Fig. 16 Ilog [ current-density] vs. overpotential curves for C1, evolution
at Pt from ag. solution of 0.05M HCl + various concentrations of
KCl. Rotatlon rate 6400 r.p.m.; T = 298 K. ( 12 concentrations
were studied; the data for only 7 can be convenien'tly shown on

this graph. ).
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(11) Surface Oxidation of the Pt Electrode in Cl~ Ion SolutionstFrom ‘

the cathodic sweep of cyclic-voltammetry curves ( examples shown.in Fig. 18 ),
the';urface oxide generated as a function of potential attained at the
positive end of the anodic*sueep can easily be measured Wi thout ( in 0.0
aq. H,80; ) and with €1 ion present; results of this kind, which '
sexve to characterize the state of the Pt electrode surface in Cl -containing

solutions prior to 012 evolution are shown in Fig. 19 as a function of

log C1” ( as HC1lY).

These results are obtained by the " micro-titration " procedure
described already in the Experimental section (iv), page 140 . The results
show clearly that the competitive electrochemical adsorxrption of le lons
vs. electrodeposition of OH/O species at Pt follows a fbmkin type isotherm
due to electrostatic interaction effects, That the " Temkin " behaviour
with C1~ is nof due to’broad heterogeneity of adsorption sites on the Pt .
surface was indicatéd in other work in our Iaboratory with Br and I
ions which showed that wiéh these ions the competitive ad;orption behaviour
is not a linear log relation in halide ion concentration. Were heterogenelty
the main factor in the €1 ion behaviour, the same effect should apply
to the othexr halide ions,

The competitive-adsorption effect of C1~ on surface oxide formation
atPtupto [ €17 1= 4.8M - ié shown in Fig. éo for various times,

Ty? of holding the potential at the positive end of the sweep. By making
similar measurements, but into the potential region where 012 is evolved
at significant rates, the extents of sur@ace oxidation of the Pt electrode
during Clz evolution at various overpotentlials, can also be determined,

h ]
as shown in Fig., 20 . These measurements require electrode rotation at
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appreciable rotatlon speeds ( 6400 r.p.m. ) in order to avoid currents

for reduction of evblfed Cl, obscuring the cathodic currents for oxide
film reduction. As seen in Fig. 20, this procedure works quite satisfacto-
rii}, although the oxdde film reduciion charge cannot be determined quite
as accurately as at potentials below thosg for significant rates of C12
evolution or as accurately as in ag. HESO4 below the potentlal for 02 e
evolutiont73+61) | It is found ( Fig. 21 ) that in the presence of C1-

ion, limiting oxide coverages are attained which are deperdent on the
anode potentials and are logarithmically dependent on ['01‘ ] ( g, 22 ).

This implies that the coverage by specifically adsorbed C1~ itself

depends on log [ Cl ] as may be expected for general thermodynamic reasons

when a Temkin-type adsorption isotherm applies.

(i3i) BReaction Oxder: For electrochemical reactions, reaction orders,
(206)

R, of various kinds may be defined , depending on what condition of
constant potential ( e.g. ovexpotential, n , or electrode potential, V )
is specified or whether diffuse-layeiﬂheffectékave been rendered almost
invariant by use of a supporting electrolyte which maintains constant
ionic strangth. Other complications due to adsorption also enter into
the significance of R, It will be useful therefore first to discuss a
little +the significance and inte:pretation of reaction oxders,

For oxdinary homogeneous reactions,the reaction order R with

respect to/;J;Pecies i is simply defined as
B Y
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R = ( 31nv/alnci )j,k . (30)

for a reaction rate v dependent on concéntration of a reactant species i,
vhen concentratiocns of any other kinetlically involved specles j,k... are
kept constanﬁ.

. Iﬁ heterogeneous reactions, the significance of reaction .
orders is more cohplex owing to the adsoxrption of ié&ctants which usuallq
takes place. Then z surface r_eaction ordeI:, Rs ’ (in tems of coverage Qi

of species 1 can first be defined as

R = (3lnv/ 31n o, )j,k... (31)

However, this is usually not the reaction order experimentally measured
with réspect to bulk cogcentratiéns or partial pressures since 6, is
related o c, by an adsorption isotherm 6, = f ( ey ) where f ( ey )
is also dependent on temperature. Then the observable reaction-order,'R ’

iIs also related to RS by an equation of the form:

3ln v dln cs | dn ©
‘R, = —= (32)
dn c

An ¢ f5 VARG [ 5y 115,k

so that R can be expressed as



i) (33) -

where the term multiélying RS is seen to be the differential coefficient
af the adsorption isothem, plotted logarithmically.

In electrode reactlions, further complications arise Aépending )
on how R is measured: at constant " electrode potential " or constant
overpotential, or in the case where the double-layer potential profile
may vary with ionic strength, at constant ionic strength or not. Because
the reversible potential of all electrode/ion/holecule7reactions depends
on the 1n of the ionic concentration and /or molecule concentration
( Nernst equation ), the definition of R for constant overpotential
(n = V- vrev )_implies an extra concentration-dependent texm in the
measurement of R at constant n which does not arise in non-electrochemical
reactions. The interpretation-of reaction or?ers of electrochemical
reactions must take this into account ( cf. refs. 206,209 ). For
example, the reaction order of the 012 evoluﬁioﬁ reaction at constant n
in the absence of added inactive supporting electrolyte would be zero in
sufficiently dllute Cl solutions due to cancellation of various [c1 ]-
dependent tems - an unhelpful result in mechanism identifications!

In the case of the anodic Cl2 evolution of inte;est in the present
work, where the kinetics may be controlled by the non-electrochemical
Cl'-recombination step, so that the prior C1™ ion discharge process may
be regarded as almost pt equilitrium ( cf.refs. 168 and Chapter II ), the
diffuse-layer effects related tq the double-layer "y "'-potential(23§)

cancel out, Then the kinetics are independent of the ionic strength of
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the reactant elect:olyte(EB?), as far as eleétrostatiq effects are concerned,
However, as  will be shown later, effects due to the specific adsorption
of the C1™ ion can lead to a dependence of the 1imiting chemical recom-
bination rate, iq4pr OB C1” ion concentration or, more explicitly, on
its surface concentration at the electrode interface, .

From the experimental curves of Fig. 16 , the dependence of
log (1) on log[ C1™ Jcan be plotted, as shown in Fig. 23 ,-for various
'overpotentials glving |

(R) = | —Re&3 - (34)
n 3log[ C17]

Data for the ascending and descending n vs. log i curves are shown in
Fig. 23 and give Rn= 0.81~0.91 over the C1~ concentration range 10_l
to 10° M . Beyond this concentration, (R% + 0 corresponding to
saturation coverage by the specifically adsorbed C1~ ion. This is also
indicated by the trend towards independence of,.ilim on ;oncentration of
Cl ion at high concentrations shown in Fig; 17 . The (R)n value§ for
the descending curves are a little higher , near 1.0 . The significance

of these (R% values from Fig. 23 will be discussed later.

4, DISCUSSION

(1) Test of the Recombination Mechanism : The fomm of the experimental

Tesults seems characteristic of a rate kinetically limited by a recombination
step involviﬁg discharged C1* species on.the Pt surface according to a
reaction scheme of the type ( cf, refs. 143,154,146,148,149,160,168,173-175 )
suggested_pre;iously,by various workers and treated in Chapter II:

»
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Fig. 23 Experimental reaction ogder plots for 012 evolution at Pt at 298 X,
Log [1] , i.e. current-densitles at various constant n values
are plotted aga.i.nst log [C17] ( —-ascending and —er—--
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Cla.q_ + Pt(0x) === Ppt(0x)C1 ds T€ I
2Pt(0x)Cl ads T 2Pt(0x) + €L, IT
where IT is the rate-controlling step and ilim for IT arises as GC:L' + 1,

Pt(0x) represents the oxidized (, or partially oxidized ) Pt elec:bmde
surface, -

Although the form of the log i vs. n profiles of Fig. 16
appears charactelistic of an approach to a kKinétically limited rate, it
1s necessary to examine the form of the i-V profiles quantitatively in a
way in which such a mechanism I , II can be more .exa.cﬂ.y 'I:esfed. This
is also required: (a) because the experimental log i vs. n curves do not
show an initial linear region of slope RI/2F ~ RI/F which would nomally”
characterize a recombination-controlled mécha.nism at sufficiently low 901.
( gy - £ 0.15 )( as discussed in Chapter II ) and (b) 'beca.use‘in the work
reviewled in Chapter II it has not uniformly been concluded ( e.ge see
refs. 168,174,175 ) that recombination-controlled Kinetice apply for C1,
‘evolution from a.ci:h. Cl™ at Pt, a_'lihough some authors(m%) have reached
this conclusion. :

In order that such a special test of the mechanism could be

*It is the participation of the back reaction near the reversible potential
that causes the observed log[ current] vs. potential relations to.}approach
the reversible potential in continuous curves ( Fig. 16 ) without an inter-
mediate linear Tafel region of slope RT/2F or RT/F197), The latter will

‘ only be observed for 901. < ca. 0.15 and thus only if the C1° coverage at
the reversible potential is appreciably smaller than this figure, as shown
in Chapter II, A linear Tafel section of 'the log [ current] vs. potential
relation ca.n, however, be observed in a Nz-'bubbled solution in which the
012/c1 Teversible potential is less positive but unfortunately not well

defined due to the wncertainty of local Cl partial pressu:r:e

-
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reliably pursued, 'hhe>log 1 ys.n curves wexe defined by as many experimental

points ( Fig. 16 ) as possible, as in the experiments described in Chapter II.
The method proposed in Chapter IT enables the kinetic behaviour

assoclated with steps I, IT ( see p. 82 Chapter II ) to be represented

over *bl-:e whole range of gCl' and corresponding currents up to ilim' i,e,

without restriction to special conditions ( ef. refs. 197,238 ) corxesponding

to Tafel slopes of RI/2F, RT/F or » ( limiting current ). If the recombi-

nation step II, with I in q_uasi-e;ui]ibrim, determines the rate over a

- wide range of overpotentials and corresponding coverages, this will be

indicated by the two kinds of diagnostic plots described in Chapter II.

Thus, in the first procedure, a plot of exp[y F/RT] /12% vs. exp [n F/R‘I‘]-[eqn. (9}

should give a stxaight line of slope ( 2Fk, )"3“ and an intercept

( 2Fk, )"3'/1(1 Cr- » as shown in Fig. 24a . The alternative way of

plotting the results, which is based on eqn. (20)[ see Chapter II, Discussion

section (1i), p. 87 7] gives a similar test plot but provides a more

sensitive basis for analyzing the kinetic behaviour at high I
Both k, and K, can be evaluated from the slope and intercept of

the plot of 12-% ¥S. exp —[nF/RI] » 25 shown in Fig. 24b, Were the

Llog[ cunen‘b—densityj vs. potential relations simply Tafel lines hawing

constant slopes, the results would not plot out according to egns. (9) or

(10) with intercepts related simply to ‘1{1 and k. ' _
Since the plbts in Figs. 24a,b are satisfactorily linear over

most of their ranges ( the hook at the lower ends of theslines in Fig, 2ba

can be shown [ p. 95 , Chapter IT] quantitatively to be due to pa.rt:.cipatiin

"of the back reaction of step I near the C1 »/CL™ reversible potential ),

recombination-control in the -.schsme I,IT seems to apply for all C1 concen-

“See . Appendix I. concerning this point.

A
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PP
trations. Also, values of ii and k. can be evaluated for each'Cl” concen~

2
tration,?as shown in Fig. 25 . The relation between log k, and, log Ki_over
the C1~ cqncentration range 0.1 to 4.8 M ( +0.05M HCL ).isg
shown in Fig.. 26 .

Although the plots based on egn. (10) (-Chapter IT ) are agreeably
linear oner most of thelr range, there is some tendency for downward
curvature at the high B end ( low exp -n F/RT  values in Fig. 24D ).

As discussed in Chapter II for the behaviour in TFA as solvent, this is
probably due to repulsive laiteral interaction effeots between electrodepositéd
C1° species and between C1° and OH or O , ox adsorbed 1~ ions. If inter-
action effects are significant, i.e. if g > 0 in eqns. (11) and (12), the
kinetic. behaviour mnst be tested by mumerical computation methods ustng

eqns. (11) and (13) . Ban. (13) accounts for the cuxvature at the high 6.
end of the plot in Fig. 24b for 0.5M KC1 + 0.05M HC1, talding a value of

g = 2~3 BT mol™}, as was also shown in Chapter II for the results in TFA.

A similar value of g .is'required to simulate the shape of the appnoach

of the anodic current-density towards its limiting value for O0.5M KCl +

0.05M HC1 solution ( Fig, 15 ). Increasing values of g cause the approach

to ilin' to be progressively less steep than for g = 0 ( Langmuir

conditions ).

(11) Effects of Chloride Ion Adsorption on Extent of Surface Oxidation

.2t Platimm Anodes: It is seen from Figs, 20 and 21 that C1°

ion has a substantial competitive effect with respect to anodic oxide
film formation at Pt, as was found similarly by Bagotskii et al(201) for
Br ion adsorption. The results of Fig., 21 show how the degree of surface

oxidation in the presence of C1~ ion depends on potential for the variols
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C1™ concentrations employed in the kinetic- experiments. It is interesting
that for a given [Cl-] » the surface coverage of oxide species ( as e/Pt
atom ) tends to remain constant with increasing electrod poteﬁtial, v
whereas, in aq. H,S0,, it tends to increase in the well kmown way(61:62:961239)
as shown for comparison in Fig., 21 . The data in Fig. 21 cover' ranges
ef potential into the region where appreciable 012 evolution currents arise
( see Fig., 16 ), . |

The attainment of limiting extents of surfave oxidation with
" increasing potential in the presence of varying concentrations of €1 ion
" suggests that the exponential electrode potential temm exp [ VF/RT] ,which
detemmines ( together with the coverage factor(?z), exp [-g0 ] ) the poten-
tial dependence of the degree of surface oxidation of noble metal electrodes,
is cancelled by a siiilar electrode potential term for the competitive
specific adsorption of C1” ion, The limiting coverages by surface oxygen
species are readily accounted for in tems of competitive adsorption of
OH/0 species and €1~ ion. For the Langmuir case, the equations for

competitive adsorption take the well known form

2] ‘
__oH/o _ = KOH/OCHZO exp [VF/RT] (352)

1801 /07%c1~

and, for an assumed potential-dependence of C1~ adsorption,

O1~

Ko ~Crq— €xp[ VF/RT] (35b)
c1™ c1
1'gony’o'gcf

where the K's are the respective electrosorption equilibrium constants

and 8's the coverages by the indicated species. For any electrode potential,
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v ,'these relations obviously lead to a ratio

Oon/0/%c1™. =

e -

Konfo | Ho
¥e1m © C”

(36)
c1

which is constant for = given composition of solution and thus independent

1 tends to a

s

of V. Then, since in the monolayer QOHJb + ch— ’ QOH/O
constant, potential-independent value.

The experimgptal resulté shown in Figs. 19 and 22 indicate that a
logaritimic rather than a linear relﬁtion in [C17] applies to the
competitive adsorption of surface oxide and C1” species, so that a Temkin,
rather than a Langmuir, form of the above isotherm should be used which
would lead to a logarithmic dependence of the limiting extents of su;face
oxidation on Cl~ concentration, as observed ( Fig., 26 ).

The above explanation for the attainment of limiting surface
oxide coverages is consistent with the observation that in most of the
kinetic experiments the current vs. potential relations ( Fig. 15 ) for
" descending " changes of potential are almost identical with those for
" ascending " changes. This is not , however the case, e.g., in 02
evolution from ag. stou where there is appreciable hysteresis(sz) between
ascending and desceﬁding current vs. potential relations due to irrever-
sible and potential-dependent surface oxide film formation.

The results of Fig. 21 also show that the extent of surface
oxidation attained in the presence;of C1l™ ion at potentials where 012 is
evolved decreases with increasing [ C1 ] . This implies a corresponding
iﬁcrease in the surface coverage by adsorbed Cl ion wiéh increasing

Cl 7.The percentage of the surface blocked by oxide specles
[ 1] _ .
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in the presence of Cl  ions for the concentrations 0.1 - L.gM was
estimated to be in the range from 80 - 100%, depending on the concen-

tration of C1 ions, as shown in Fig. 19.

(133) Significance of lateral Interaction Effects at the Pt Surface

and the Influence of Adsorbed Cl  Ton: The linear relations in

Figs. 24a and 24b demonstrate +that C1' recombination conirol characterizes
the kinetics of 012 evolution. However, the ilim is not a constant value

but varies with C1~ concentration ( Fig. 17 ). This is an apparantly
contradictory situation since, according to eqn. (6),':‘:.13._m = 2Fk, = constant,
as Gcl.'* 1, This dilemma is resolved if allowance is made for interaction
effects of adsorbed CL' with adsorBed C1 ion and the, consequently ;hanged
surface oxide and HZO molecule coverage.

Thus, it is uell—known(162’202’203) that C1  ion is specifically
adsorbed at the Pt electrode and (a) displaces the H underpotential depo~
sition peaks to less positive ( vs. H2/H+ ) electrode potentials and (b)
displaces the surface oxide formation process to more positive potentlals,
depending on CL  concentration.

If the current for step I is influenced by interaction effects
according to eqn. (7) but with the ” go " temm characterizing interactions
not only between C1' and C1° but also between C1° and adsorbed C1~, then
it is seen how i,, can depend on _Cl_ rather than being constant, If
g> 0 ( repulsive interactions ), the apparent bond energy of chemisorbed
C1° to the Pt electrode surface decreases with increasing 6., . and/or 0xy”
so that recombination of chemisorbed C1° 1s facilitated accoEding to eqn.
(11). The effective rate constant will, in fact, be k,exp 2g at 9=-1

instead of k,, and thus be dependent on g. The magnitude of the g factor
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will be determined by (a) interaction between CL' and C1°; (b) 1n£e:ac;ion

between C1° and épecifically adsorbed C1~ ions; and (c¢) interaction between
Cl' and electrodeposited surface OH or O species ( the effect demonsirated

in the previous Chapter }. Then if g increases with coverage by adsorbe&

L7y iy5p will depend on bulk C1~ ion concentration. As seen from Fig. 17,

i, 2Ppears to reach a saturation value with increasing [C1l™ ] which is

consistent with saturation specific-adsorption of C1l being reached as its
bulk concentration increases.

This interaction effect accounts for (a) the dependence of 1.,
on C1 concentration through concentration~dependent specific adsorption
of C1~ ion and (b) the difference in the values of k, evaluated from i,,.
( where 6,7, ~ 1 ) and from the slopes and intercepts of the linear parts
of the plots shown in Figs. 23 and 24 for which 8. is appreciably less
than unity.

13
(iv) Significance of Reaction Oxders in Relation to Mechanisms:When

the reactant is an anion whose surface concentration depends on bulk con-
centration and electrode potential, and in the present case on the state
of oxidation of the elecﬁrode surface, the interpretation of reaction

orders, R , becomes difficult and, in genexal(ZOS)

, must take into account
(2) the concentration-dependence of the ¥ ,-potential and (b) the distri-
.bution of reactant ions at the interface relative to the bulk, through the
factor exp-[zedJl/kT] and a corresponding factor in the specific
adsorption energy. However, for a recombination-controlled reaction with
the prior ion discharge step at quasi-equilibrium, the " double-layer "
effects cance;\aé the expression for the coverage 9C1' of the intermediate

for any val%) the symmetry factor ﬁ .
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For the recombination process [ rate equation (6)] , the reaction

order, RS , of the surface process itself'is given by
R, = (8lniy/3ln8y. ) = 2 - (37)

For a process involving an adsorbed intermediate, the coverage of which
is a function of reactant concentration and potential; the interpretation
of the observed reaction order must take into account this dependence, The '
relation between the experimentally accessidle reactlon oxder, R , ( at

a given electrode potential V ox overpotential n ) and the isotherm for -

adsorption of the intermediate is then, for [Cl2 1 = constant,

a |

R =

31n & 3ln i 31n ©
(——L- = ( 2 (38)

3ln C 3ln @ 3ln C

cL” cL 01')

where (a) the second term in brackets must be specified as either at
constant electrode potential, V , or constant overpotential n defined
by V-V

tial coefficient of the adsorption isotherm, egqn. (7) or egn. (12). By

s = n and (v) ( 31n GCl./aln Cqy~ ) is derived from the differen-

making the differentiation, it is easily found for the Langmuir case
(g=0) that

1

= = = 1-9g. (39

3n Cuy- |y 1+ K,Cqq— exp VF/RT

3in QC

Hence

R = R (1-ec1.) = 2(1‘901') (40)
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which gives the expected reaction order of 2 for eci,<< 1 (“i.e., when
the Tafel slope is RT/2F ) and of 0 as 8.+ 1 ( limiting current ).
| .If the reaction order is derived for constant rq‘( Fig. 23 ),
as is most cbhveniently obtained from the experimental resulfs ( Mg, 16 ),

then from an equation similar to (7), written as

0ay-/(1-84e) = KiCupy- exp VF/RT = X,Co - exp (V.. +n)F/RT . (41)
and-moting that V. = VO - 2L 1n ¢ - for C1” iom, it is seen that
o ng rev v F Cl '

eci./(-i-901.) W11 be independent of Cy- , i.e.,( 31n Og./31n Cyy= ) = 0.
Hence. R = (31n 1,/ 231n Ccf)n: 0 for all conditions.

. The observed reaction oxders at'various. n values are found
experimen£ally-( Fig; 23 ) to be > 0, and near unity except.at high C1~
concentration. Since Figs. 24z and 24b are consistent with recombination-
controlled kinetics, it must be concluded that the experimental values of
R}$ are determined by effects of specifically adsoxrbed €l 3ion. This seems
to be consistent with (2) the observation of approaches to limiting currents
which are, however,-concéﬁtration—dependént ( Fig. 16 ); and (b) the ultimate
trend of R . towards zero (' Fig.. 23 ) at sufficiently high C1 ™ concentration
where presumably the adsorption of this ion reaches saturation (see Fig. 19).

" The adsorption of the CL” ion will itself be complicated by poten—
tial-dependent competition from electrodeposition of OH and 0 specles at
the su&face._Correspondingly, C1~ ion affects the state of the oxidized
Pt surface through competitive adsorption, so that the dependence of cataly-
tic-propertieé of the.surface on ¢1l” adsorption enters into the significance
of the reaction oxrder. Hence, with changing state of the electrode surface,

reaction orders cannot simply be interpreted in texms of ¢ -potential effects

L

-
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in the double-layer and of molecularities of the various steps in the
reaction w.xr.t, C1 participation as in Yokoyama and Enyo's work(168'1 .
Thesg authors were ied to conclude, from reaction o£der measurements, that
the C1, evolution mechanism was 4 Cl, + Pt==Pt-CL . ; Pt-CL,  + clL —
012 + ¢, with the latter step rate-controlling. They did not, however,
quantitatively examine the characteristics of the current-potential relations
for the reaction, although their curves are similar in form to ones obtained
in the present work ( see Fig. & of ref, 168 ). It is, in fact, difficult

to see how their mechanism* can lead to an approach to 2 1imitiﬁg current
except if the first step ( 012 dissociation ) were to become rateucontro;-
ling, which was not their conciusion. As long as the Cl2 dissoclative adso;p—
tion_step ( in their mechanism ) remains almost at equilibrium, a linear
Tafel relation of slope ca. 2.3 2RT/F should arise in the usual way, and

not the observed curved one.

r

(v) Inhibition Effects: A general feature of the cyclic-voltammetxy

curves for relatively high [Cl™ ], as exemplified in Fig. 27 , is that
an inflection is observea both in the anodic and cathodic sweeps at almost
the same‘potentiallThis inflection cannot therefore be due to surface
oxidation since the oxide reduction does not occur until less positive
potentials are reached in the. descending +than in the ascending curves,

as is seen in Fig.Z?}. Also, as shown)in Chapter II,an auto-inhibition
effect due to the-:adsorbed Cl1° intexmeﬁiate itself does not aiise unless
the g factor in eqns; (11) and (12) is negative. This is not consistent

with the obsexrved rates of approach of 1 towards ilim with increasing

* -
viz, 3Cly===Cl® ; C1° + Cl"—»>Cl, + e . Such a mechanism is not
consistent with the mechanism test plots shown in Figs. 24a,b.
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-according to egn. (13) , as was shown in Chapter IT.

Fast-sweep experiments show that the inhibition inflection decreases
rather than increases with sweep-rate ( Fig. 27a oscillo;;o?e photo ), so
is not an artifact due to co—-deposition of a chemlsorbed species such as
OH or 0. Also, the inflection btump remains in the anodic direction with
increa§ing anodic and cathodic sweep-rates.: With elecirode rotafion, the
inflection moves to higher currents ( Flg. 27b oscilloscope photo ) but
this is only an indirect effect due to the spinning away of evolved 012
which lowers the local reversible potential for clz/Cl_ so that significant
012 evolution currents can arise at lower potentials on the inst:hment
potential scale than in an unstirred solution: fhus, the inflection itself
remains at almost the same measured potential { Fig. 27b ).

It is difficult to identify the origin of the observed inhibition
effect, since it cannot be due to surface oxide formation and reduction,
nor te auto-inhibition by Cl:. Since the effect is evidently " reversible "

_ with respect to the direction of changiné potential, it may be due to
solvent reorientation in the Cl /oxide film which could change €1 adsorp-
-tion, or to adsorption/desorption of Clg jons which are in equilibrium
with C1° and evolved\CIZ. Perhaps a more probable explanation is that
there is an effect of reversibly electrosorbed C1° [ cf, egn. (7) ] on an
initially observable Pt-dissolution partial-current which depends on ’

[Cl™ ], since the effect increases ( see Fig. 18 ) ¥ith increasing [Cl ].

(vi) Conclusions: The kinetics of anodic Cl, evolution are shown to

2
be dependent on Cl1 ion concentration through a discharged C1° recombination

' mechanism for which the rate constant is dependent on specific adsorption

of C1” ion and the state of oxidation of the Pt surface. A new method for

N
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Fg. 27 Oscilloscope photos of “the inhibition effect in the initial Cl evo—"
lution current-potential behaviour in a cycllc-voltammetry experiment
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testing the applicability of the ion dischaxge/recombination pathway shows
that this mechanism applies over a wide coverage kzra.nge and for a range of
concentratiobs of C1~ ion. The procedure enables Both the rate constant,

k2 , for the recombination step and the quasi-equilibtrium constant, Ei’ for
the prior discharge step to be quantitatively evaluated. Both k2 and the
formal f{l are shown to be dependent on C1” ion concentration. The reaction- -
‘order behaviour is consistent with C1~ specific adsorption effects in the
recombination kineties. ‘Tiﬁ.e adsorption of €1 ion also causes importan‘t
changes in the coverage of OH and O species -at the Pt electrode at poten-

tials for which Cl'2 is evolved a"E appreciable rates.

G
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CHAPTER IV :
¥

SURFACE OXIDATION IN THE OSCILLATORY XKINETICS OF Hz_OXIDATION AT

Pt IN AN AIMOST ANHYDROUS SOLVENT

-

In this Chapter, new work on oscillatory kineties of H2 oxidation
at Pt w1ll be dlscussed. The role of the Pt oxide film and anion adsorption
in this type of process is investigated in trifluorcacetic acid with -
traces of water present. This gives a controllable, small .degree of
oxidation of the metal surface over a wide potential range, as was descri-
bed in Chapter II for the study of 012 evolution under similé; conditions.
‘ First, an introduction on some béckground aspects of oscillatory

- ' . ’ *

reactions and 2 brief review of previous work will be given.

1. INTRODUCTION

While many chemical processes can take place under steady-state

conditions, provided that a2 uniform éupply of reactants is maintained, it

is very interesting that a number of chemical(zao-zaa), (2h4-246)

(247-249)

elect:oé@emical
and enzyme catalysed reactions behave kinetically in a periodic
mamner, Renewed interest in oscillatory phenomena in chemical reactions
has arisen recently both in physical and biochemistry 2r7-251)

Oscillatory processes can be of two types: (i) a damped oscillatory
approach tpwaids a steadyhéﬁate ( in Idnetics ) or towards an equilibrium
( in thermodynamics of a reversible process ); (ii) a sustained oscillation
associated with consumption of a2 continuously éupplied reactant and/or

provision of free energy from some exo-énergetic process or continuous

energy source.-In electrochemical sustained oscillationé} charge and energy
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are provided from the external power source or from the electrochemical
free enexgy of a cell-reaction. In this Chapter, an oscillatory process
of type (11) will be discussed, where reaction is driven at 2 net ( but
periodic ) rate away from the equilibrium condition by applica%ion of a
non—equilibr%um potential difference.

In periodic reactions no stable steady-state can exist and thet
process oscillates in rate between veloéities corresponding limitingly to
tﬁo unstable steady-states. In temms of the thermodynamics of irreversible
-procesées, these states are characterized by negative rates of'entrﬁpx
production ( hence instability ) in contrast to positive dS/dt for ;,
stable steady~st§te situation. In homogeneous reactions, oscillatory kinetics

(241-243) but in heterogeneocus, especially electrochemical, reactions

are rare
they are well known but the conditions under which they can arise are not
well understood; probably a variety of factors are involved.

Thug, in a mmber of electrochemical and chemical reactions, a
situation can arise where evidently no steady-state of the reaction can be
established. The system then exhibits sustained oscillations arouné an
" unstable steady-state. Such processes often involve diffusion of the reac-
tant(s) coupled.with‘an electrochemical surface reaction which can suffer
inhibition, leading to a current-potential relation for the process which
shows an inversion corresponding to negative resistance or positive feed-
back,

It has been found that oscillationslin electrochemical systems
can originate in two ways: (2) by coupling with appropxriate impedance.
components of an external cireuit to make an * electrochem;cal osc111ator B
device(zsz) and (b) intrinsically, as a property of the kinetics and

' mechanism of the reaction (250 253). The latter type of oscillatory
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phencmenon is of more fundamental interest in the kinetlcs of coupled
electrochemical reactions, and is the type which has beeq studied in the
present work.
. In most of the work on electrociemical oscillations, attempis
have been made to explain the phenomena in a qualitative way through a cycle
of several steps which océur in a reﬁetitive and regular manner, Few attempts
have been made to develop a full mathematical trgatment of the oscillatory
Idnetics which arise in certain electrochemiéal reactions, but in one oxr

two cases the factors which can lead to stead&-state kinetic equations

which have no real solutions were formulated mathematically, e.g. by

246) | and in move detail by Wojtowicz(253)

Wojtowicz, Marinéié and Conway(
and Wojtowicz and Conway(254).
In some cases, periodicity has been simulated by means of

analogue-computer circuits(249’254). In these appréaches, the periodic

nature of the kinetics follows as a natural consequence of the time-

dependent'components of the rate equation, e.g. diffusional fluxes, changes

of concentration or coverage by intermediates, ete. It is because of the

difficulty of formulating and, even more, of solving the appropriate -

differential equations for the fates of complex processes which exhibit

oscillatory Ikdinetics, that the discussion of most oscillatory chemical

reactions has been éf a qualitative kind..This applies to the present

secfion of the work on periodicity in H2 oxidation kinetics. .
Oscillatory processes are described as " linear " or " non-linear -

depending on the index of the power, or the form, of the " iestoring

force " as a function of some displacement, " 4 ", from ;;‘equilibrium oxr ‘

initially static situation. Linear oscillations are well known in simple

harmonic processes and lead to a periodicity which is sinusoidal in time,



- 177 -

- &

" e,g. the motion of a pendulum or vibrations of a diatéﬁic molecuie in a
low quantum state. More extensive displacements usually give rise to
higher order terms in the relation between A and restoring force, and lead
£o non-linear oscillations ( non-sinusoidal ).

- In electrochemical processes, the constraint leading to a dis-
glacement from any equilibrium is an easily definable quantity and coxr-
responds to the factor exp * anF/RT, where n 1is an overpotential. Such
_a constralnt is highly non-linear and is probably the reason for most of
the " spikey " oscillations that are observed in such reactlons. However,
for small n , the exp constraint always becomes a linear one ( exp *[gnF/RT]%
1 + [an¥/RT]) so that near the reversible potential of a process oscillations,
if they occur at aly, can becomé‘sinusoidal._

The formulation of analytical functions which have periodic
solutions for the kinetics is usually extremely difficult. However, for
non—electrochemlcal reactions and some physical processes, 2 number of
special cases have been 1dent1f1ed(2u9 256,257) for which differential
equations having périodic solutions have been fo:mulated(258_260). Advanced
athematical treatments of mon-linear oscillations are to be found in the
monographs of Minorsky(256) Hayash1(25?) Andronov and Chalkln(zsa)

s in papers by Prigogine(zsg); however, th?se approaches are beyond the scope
of the present Chaptex.

(1) Brief Review on thé Existence of Perdodic Reactions, Especially
7

in Electrode Processes

(2) deneral Reguirements and Conditions for Oscilllatory Behaviour:

The conditions under which periodic pro es arise are
essentially of two kinds: (1) those involving diffusio n(261 262) and (2)

those lnvolving activation control of the kinetics of the reaction( 1).

-

[N B 8
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However, oscillatory reactions in which diffusion plays an important role
are‘usually coupled with adsorption-electrochemical processes such as
surface oxide formation and consequent passivation. qpen periodicity in
reactlions ari#es in activation-controlled kinet;cs, it is necessary to take
into account competitive adsorption together with chemical " positive feed-
back " which can be identified with autocatalytic effects. The autocatalytic
step is considered necessary to initiate and sustain periodic behaviour(zsj)
and provides the positive feedback characteristics such as are required in
many known mechanical and -electrical oscillators. '

The general requireménts for oscillations to arise in an elecixode

rezaction seem to be:

(252,264-266)
(264, )

(1) existence &f an :E;-shaped curreni~potential curve
( Fig. 28 ) such as arises when passzvatlon, e.g. by an oxide film
267, 268), occurs. This gives the possibility for two values of the
Apotential-to correspond to a given curreht. Also, such a relation has a .
" negative-resistance” characteristic along part of the curve which is
known to lead to instability in electrical circuits, e.g. periodic firing
of neon tubes,

The importance-of the type of i~V relation is emphasized by the
cbservation of periodicity in a cathodic process, the reduction of S 08 at

(%69), wheré_gg_pa551vat1ng film can arise but the i-V curve is still

:E; - shaped. In this case, this is due to double-layex " | -potential ”
effects‘near'the potential of zero cﬁarge.

The négative resistance characteristic provides the positive
feedback function cémmonly required for ggif—sustaining oscillations, e.g.
as in an electric oscillator with inductive coupling. The impedance charac-

teristicé of this type of sgtuation at electrodes have been considered by
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Epelboin(égb).

‘ (2) a coupling of the electrode surface process with a partially
diffusion-limited step associated éith transport of the reactant to the
electrode surface(253'2sa). This condition is commohly, but ﬁot exclusively
required.

In the case of electrochemical reactlons, osglllatory behaviour
has usually been observed upon anodic polarization of various metals, as
in the case of Ni(261), Cu(245) ; Ag(zé?) or Fe(zu;) anodes.

Upon anodization under special con&itioﬁs, the surfaces of such
metals tend to become covered with a passivating oxide film. Oscillatory
oxidation currents are then often observéd and have been as;ribed to
heterogeneity of the electrode suxface, with periodic %brmation and disso-
lution of the oxdde film occurring at the metal surface. Coupled diffusion
of dissolving ions and of H or OH determining the local pH, is often
involved.

Pexiodic kinetics often arise also in anodic oxidation of

organic subéfances, €.8. HCHO(268), HCOOH(246'268), 02H£246)

at noble
metals where the formation of 2 monolayer oxide film can passivate the
organic oxidation reaction.. Similar behaviour was also observed with H2
oxidation at Pt anodes, first by Armstrong and Butler\Z/L),

(b) Some Examples of Oscillatory Behaviour in Previous Work:

(1) Metal Oxidation Processes: As was mentioned earlier, oscil-

latoxry phenomena are often formed undér condiﬁions where metals passivate'
upon anodigigxidation. These coﬁditionsfleqd towE;:L_shaped i-V curves

of the kind referred to above. Periodic " active "- " passive " - " active "
transitions occuxr as an oxlde film is deposited and removed. Some of the
first'detailed studies of this kdind of electrochemical periodicity were

made at Fe and Cu by Bonhoeffer and Gerischer(245). The conditions leading

\
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to such-behaviour were also treated by_5:3n9£250) in terms of instabilitles
in the current-potential relatlon,

Oscillatory behaviour in passivation of metals was observed by
a mumber of other workers, e.g. Hoare and Mouat(zsl) ( Ni in 50% H, S0, Y,

(262) (263) .
Dmitriev and Rzhevskaya and Pointu ( Cu in HBPOh ), Frances and
Colmer(z?z) and Lal, Thirsk and Wynne-Jones(267) ( electropolishing of Ag
\"—“

where films of Agzo AgCl or AgCN can be formed, depending on the electro-
polishing solution ), and Piggott, Leckie and Schrelr(273) ( Ti in formic
acid ). Oscillatory behaviour is also observed during corrosion(273 274)
for the same reasons as those associated with anodic oxidation - the
formation and breakdown of passive films, but in this case coupled vith
diffusion of H2 and/ox O2 produced or.consumed, respectively, in the
corrosion reaction. Specific influences of anions ( soi' or C1” ) which

can be adsorbed were noted(274) as well.

(2) Orxganic Oxidation Processes: Oseillatory currents have often
been observed in the eléctrochemical oxidation of simple organic substances,
e.g. Meor(Z75), mono(252), Hooou(246:252) 02H§246) at Pt or Pd. In these
cases no corrosion of the metal can bé involved‘but passivation of the
electrocatalytic sites at the free metal surface by very thin ( monolayer )
oxdide films can arise at Pt and Pd and also the initially deposited OH or
0 species at these metals can react chemlcally Wlth such organic molecules
and lead to a stripping of the £iIm, The well known hysteresis in ghe
ranges of potential for electrochemical formation and for reduction of the
oxide films at these metals is probably an important factor in éscillatory
behaviour.

Various studies with organic oxidation processes that are
oscillatory have been made: Pavela(275) examined the orlgin of oscillations

of potential which develop at sufficiently high current-densities during
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oxidation of MeQOH at Pt ahodes. It was pointed out that at 0.69 V EH there
is a small coverage by MeOH at the electrode surface which can be easily
oxidized, As the potential rises to 0.87 V EH' the initlial oxide forma-
tion at the Pt surface comménces and the deposited OH species react with
adsorbed MeOH, forming formaldehyde and formic acid. It was stated that
oxidation of these substances provided time for MeOH diffusion to the
electrode, leading to a periodic process. Pavela(2?5) showed that only a
fraction of the electrode surface takes part in the reaction since only
ca. 1% of the charge corresponding to full occupation of the electrode
surface by MeOH is used during each cycle.

(268)

Buck and Griffith .investigated the oscillations associated
with oxidation of MeOH,formaldehyde and formic acid. They concluded that
the surface of Pt plays an important role and raised the question why,
in;;;;;EEﬁﬁly of whether the reaction.of the organic radical with the
surfabe oxide is slower than diffusion of the organic reactant to the
surface, the proéess should not reach a steady-state at some intermediate
potential. This is aiﬁays the problem question with ﬁualitative discussions
of oscillatory reactions.

Similar conclusions about the role of the surface oxide were

reached hy Shropshire(zé#)

in his work on periodic oxidation of. HCHO.
Periodic formation of the oxide and its reaction with blocking adsorbed
species derived from HCHO was proposed.

Hunger(252) studied potential oscillations obgerved in the
anodic oxidation of HCHO in 3.5 M H2804 at smooth and platinized Pt anocdes
undexr gﬁlvanostaiic conditions, Oscillations were observed at both types
of electrodes showing that the real/appa:ent area ratio was not a signifi-
cant factor. Periodic chemisorption of an intermediate and its oxddative

desorption were proposed. The charge associated with each osclllation
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( 428 yucC ca~2 ) was compared with that required to oxldize a saturated
layer of " HCHO " radicals ( 182. 4C a2 ). This led to the conclusion that
electrodeposited surface oxide is also involved, accounting for extra
charge ( 428 - 182 ,C em™2 ), as was concluded in some other papers(246’26w'2682
| Since the oscillatory behaviour on Pt surfaces appeared to be
connected with the formation and reduction of the oxide film,Wojtowicz,

Maxinid and Conway(zhé)

studied the role of surface oxidation in the
periodic oxidation of formate and ethylene at Pt and Pd anodes. The pexio-
dicity of formate oxidation is Suffiéiently slow { 20~30 s.) that direct
observations could be made by means of cathodic galvanostatic transiqgté
taken during a given oscillation cycle from several values of potential
attained during the various phases of the periodic variation of potential
geccurring under constant current anodie polarizatioﬁ. This type of experi-
nent provided evidence that periodic growth and removal of the oxide film
at Pﬁ was directly connected with the oscillations.,

Osecillatory behaviour observed in the electrochemical oxdidation
of foxmat; and ethylene was f;und to be different with regard to the
mechanisms involved. In the case of formate, the oxide film on the Pt ancde
was founé to play an important xole. Thus, the galvanostatic discharge
experiments indicated that the oxide film first reaches a critical coverage
(~ 180 ¢ en~2 ) upon vhich formate radicals can be discharged with
increasing rate as the potential approaches the critical value just before
a sudden ( periodic ) descent of potential sets in. On the other hand,
oscillations in ethylene oxidation on Pt or Pd anodes are diffusion-controlled
and the oxide specles axe co-deposited amongst C2H4 residues on the available
free sites and their coveérage was found to be constant at a given potential

and coverage by ethylene,



EET-

(3) Oxidation of H,: One of the first observaklons of oscillatory
kinetics of an electrochemical reaction was made under galvanostatic con- -
ditions by Ammstrong and Butler(271) who observed oscillatory behaviour
in H, oxidation at bright Pt in dilute H,S0,. The potential was found to
osclllate between the reversible value 0.0 and an alternétive value of
D4 v E. The phenomenon was qualitetively interpreted in texms of diffu$ign
of H2 to the %;ectrode surface, causing re-establishment of the reversible
potential, and deaétivation of the electrode so that the reversible poten-
tial could no longer be maintained,eventually moving towards a more positive
value where Q speéies could be deposited. In some cases,the electrode
could\be re-activated at ~ 0.8V E; and the oscillations would then occur
between 0.0 and 0.8 V E,- _ _

Sawyer and Seo(276) cbserved oscillations due to anodié oxidation
of H2 at Pt in 1M HC1 solutions. Since they found suxprisingly ) that
stirriﬁg had no effect on the oscillatory behaviour, they proposed a
different interpretation: that at potentials above 0.8 V E., an oxide film
was foxrmed on the Pt surface ( Chapter I ), but the activity of the surface
can be then regenerated through oxidation of dissolved H., which is formed

2
at the feversible potential, EH rev" As continued exposure to H, takes
7

2
place, tﬂe electrode becomes deactivated and the potential rises égain
towards that for surface oxidaéiﬁn in a repetitive manner., The deactivation
in this work may be due to well known impurity effects at Pt and the reazcti-
vation to their removel by the reactive oxide film,
Potential oscillations have also been observed with H,/CO mixtures
at platinized Pt electrodes in 3M H2304 solutions in work by Szpak(2?7).

- (3) Oseillations in Other Types of SystemsiOscillatoxy phenomena

in various othexr types of electrochemlcal processes have been observed,
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e. g at Pt in organic solvents with a coupléd redox-system, Ce3+7Ce4+(266'2782
FBZ*/Fe3+(2?9)‘or Mn2+/Mn3+(2?9). Also periodic changes in adsorption of
€1~ ions were found by Hor%nyi_and Inzelt(265? in studies on the oscillato-

ry oxidation of various organic compounds.

(11) Kinetics of H, Oxidation at Pt in Aqueous Solutions: In several

papers in the literature, the kinetics of oxidation of dissolved H, have
been studied at Pt electrodes(117'282_2842 In these cases, non-oscillatory
currents were observed bet the behaviour andé mechanism of the reaction
is obviously relevant to the periodic kinetics which arise under other
conditions, as iﬁ the work to be described here and in ref, 271.

The rate of H2 oxidation on Pt anodes is found to increase up
to a2 potential 0.8 VhﬁH at which the rate decreases with increasing potential.
This is the potential for.onset of Pt surface oxidation, so the decrease of
H2 oxidation rate is due to a passivation effect. In ag. Solutioné; priox
to passivetion, H2 oxidation a2t Pt is an almost campiefely diffusion-
controlled reaction. The term " passivation Y 55 used in a general sense
as the inhibition of electrochemical reactions by oxide layers. Thelphe-
menon was also studied on various other metals e.g. Ir(22b,280), Rh(22b’280-2812
Fd(281) and‘Au(zeo). In the case of the Pt matals, it is clear that passiva-
tion sets in at the potential at which anodic formation of the oxide film
commernces, However, the-decrease in the rate of oxddation of H2 at Pt,
due to passivation of the electrode surface, was also found to depend on
pretreatment of the eléctrodes as well as on the method used for the measu-

(22a) |

‘ 1ir .
rementscllz). Breiter( ) used the potentiostatic method in order to

_obtain reproducible i-V curves and to measure oxide coverage under the

same conditions but by switching to a galvanostatic circuit and obtaining
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a cathodic charging curve. He observed that the rate of" 32 oxidation
decreases rapidly between 0.8 V EH and 1.1V EH' where the oxide coverage
( in the presence of H, ) increases.from zero to ca. 21%. This is sufficient
to cause substantial inhibition by blocking the active sites for H2 dis-
sociation/oxidation. Beyond 1.1 V EH where the surface is virtually
completely covered by OH species, 1ittle further increase in the inhibi-
tion effect arises. Thus, Breiter(117) concluded fhat oxidation of H2
occurs at a large rate only on certain active sites which constitute
only < 10% of the surface area. When these sites axe covered with oxide,
then H2 Sxidation has to proceed on less active sites, although the inhi-
biting effect is smaller on those sites. The deciease of rate of H2 oxi-
dation with increasing oxide coverage could be practically compensated by
increasing the rate of H2 oxidation by an increase in potential on the
less active sites. o

Sc;uldiner et algiié’zsz) conducted further studies on the H,
oxidation ( and on Hz evolution and 02 evolution ) reactions on polycxrys-
talline Pt and on Pt single-crystal orientations by employing steady-state:
measurements. They showed that the limiting H2 oxidation current is essen-
tially independent of crystal orientationf although ~ 10% lower current-
densities were observed for the (100) orientation of the Pt surface. More
significant differences between the kinetics at the three principal planes
of oTrientation are observed in the passivation regiom, since the potential
at which passivity commences increases in the oxder (100), (110) and (111).
It should be mentioned here t%at the three principal index planes of Pt
electrode surface had been characterized in 1965 by Will(285) for.H

adsorption/&esorption and appreciable differences had been observed, e.8.

*

Over ranges of potential where H2 oxidation is diffusion-controlled the
measured rate of the reactlion per cm2 will, of course, be independent of
the orientation of the crystal face of the electrode.
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thé electroéﬁ;mical adsorption isothexms for H were easily distinguishable.
Schuldiner et a1$28) concluded that during the H, oxidation
reaction H2 reacts with the surface oxide species which would lead to 2
decrease in the covérage by OH oxr O speclies at a given potential. At the .
same time it was suggested  ®) that anion adsorption would temd to
increase, initiating passivation, and be a major cause of the rapid,
@ecrease in the rate of H2 oxidatioﬁ up to at least 1.2 V EH' ’
Schuldiner and Warner(5o) supposed that the increase in the rate
of H2 oxidation. below 1.1 V EH at Pt was connected with migration of oxysgen
on the electrode surface, while Mayell?®) atiributed this effect to a
change in the state of the oxide film during the reaction. Burke and
I,Ic‘:,_nah‘m(28?)

oxidation with decreasing potential is connected with the rate of removal

proposed more recently that the increase in the rate of Hz

of Pt0 since the oxide film presumably inhibits the reaction. A similar
view was treated mdre quantitatively ( see below ) by Shibata(283).
Hoage(zse) concluded that the'H2 oxidation reaction at potentials<l.l V

EH would produce some uncovered Pt sites., H2 oxidation on covered Pt sites
proceeds only slowly and is more difficult than on uncovered_siteé.

The kineties of H2 oxidation were further studied in some detail
in an interesting paper by Shitata and Swmino(?®?) who based their
discussion of the kinetics on the existence of two kinds of sites on the Pt
surface: oxide-covered and oxide-reduced ( free ) sites, The ékperiments
were carried out wder open-circuit conditions with a smooth Pt electrode

in 1M stob solution with dissolved H,. It was found that the reaction

2
proceeds at first as a pure chemical reaction in- which Pt-0 is reduced at a

slow rate which was found to be second-order in the surface concentration,
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‘0, of chemisorbed oxygen in the range 1 % @ Z 0.65 , with the rate constant
determinea as 0.49 s™1. This type of reagtién must produce some Pt ( oxide-
free ) sites So that further reaction could therefore become more rapid |
for coverages 0.6% >0 . As the potential falls, ionization of dissoci- ¢ .
atively adsorbed hydrogen on oxide-free Pt sites occurs in parallel with
electrochemical reduction of adjacent Pt0 sites, e.g.

PO + 2¢ =+ gﬁ+-—-Pt + HO ( .see belo# ).

2

Two principal gechanisms for the reaction of H, at oxidized

2

Pt electrodes wgre'proposed: (i) the direct chemical reaction of K. with

2
Pt0 ( formed at a potential 1.5 V ) which was found to be second oxder in
[Pt0 ] so that the reaction was written as . .
Pt-0 Pt-0H a
] +  Hy ——-—]
- , PO .. Pt-OR

where the line between Pt atoms indicates that they are adjacent sites. A

mechanism of reaction of H2 with Pt0, fully covering the surface, was not

offered. The above step was assumed. to be followed by the elimination of H20:
‘ . N
Pt~-0H Pt
— | + HO ‘
Pt-0H EEb Pt-0 )

Alternatdively,a further xeaction of Hznyith " Pt-0H " could have been

written for the formation of oxdide-free Pt sites.
(ii) The alternative xeaction of H, with the oxide film at lower
potentials is a coupled dissociative adsorption and electrochemical

reaction applying to conditions where free Pi sites are, or become, available:

Pt - Pt-H -
|+ Hym | —=] + [ 2H  + 2¢”
Pt Pt-H Pt ]
conpling
with P04 f26 + 2 | —pPt + HO .
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It is to bg noted that the appearance of free Pt sites from
reaction by either‘pathway should provide an autocatalytic effect since
the greater is ‘the extent of reduction of Pt0 producing free Pt sites,
the more rapid ( per cn® surface of the electrode ) will be the coupled
dissocizative adsorption of Hz providing a greater flux of electrons for
the coupled electrochemical step.-Thiébaspect of the ieagtion mechaﬁism"
wa.s nbt mentioned by Shibata but it is the kind of factor required to
account for tBe possibility of onset of oscillations which were observed
in the ag. solution case by Ammstrong and ButlerCz?i).

. In a later paper(zsgz‘Shibata applied his idea on H2 reduction
of Pt-oxdde films to tbe behaviour of the multilayer ¢ and B type oxides
he described earlier ( see review in Chapier I ).

In Shibata's work, the experimental evaluation of the Hy oxidation
kinetics was made by measuring the reaction time for removal of various
fractional coverages of oxide at a number of H2 -partial pressures, These
experiments showed that the rate constant for H2 oxidation fell from
1.72 to 1.19 5-1 for an increase in degree of oxidation, Q,, from 90 to 110
LC cn 2. This was attributed to a change in the natwre of the oxide layer
on the-Pt surface as the degree of oxidation changes. It was ;uggested that the
electronic state of Pt atoms on the sufface may be changed by chemisoxption
of oxygen atoms and the adsorbed O-atom which has higher electronegativity
than Pt can affect the electronic state of neighbouring‘Pt atoms, Since
the H adsorption reaction proceeds rather slowly ( if at all ) on PO sites
and much faster on oxide-free Pt sites, it was necessary to aséﬁme that
some inhibition of the electrochemical reaction occurred on oxide-free Pt

sites, caused by a deactiveting effect arising from neighbouring Pt0 sites,



. o o - 190 - )
If the coverage by oxide species is high compared with the surface fractibh
of free Pt sites, the H2 oxidation reaction proéeeds very slowly g;nce the
oxide-fiee sites tend to loose almost cémpletely their activity-for the
electrochemical reaction due to the " extended deactivation " effects from‘
surrounding 470 ;ites. A much faster reduction was féund for a pre-oxidized
Pt electrode surface having 6.8% of its surface unoxidized. In this case,l
although the fraction of Pt-oxide-free sites 1s small, the free-site axea
was considered to be completely active for the electrochemical reaction, ‘
because all of the available Pt sites on the surface were assumed to be,
neighbours o * each other so that their activity would not be affected
by Pt-0 sites, Thsrefbre‘a&most all Pt-0 species on the anodized surface
would be reﬁoved in the beginning by the fast glectrochemical reduction
initiated at the unoxidized Pt sites.
® However,it must be mentioned that Shibata and Sumino restricted

their expe;iment to the potential range 0.03 - 1.5V Eﬁ and assumed that
only a m;nolayer'PtO is formed on the Pt surface, thus eliminating further
oxidation of PO to Pt0,. " ( see Chapter I ) which begi_ns to occur at
potentials higher than 1.5V Ej . : | i

A theoretical reexamination of the kinetics of Pt oxide reduction
by H, ( studied by Shibata and Sumino(283) ) was given by Rader and Tilak(zeao
who made an atiempt to provide a wnified theory of the mechanism of Pt
oxide reduction applicable over the entire range of Q0 . Agreement between

(284) armd Shibata and Sumino's(283) resulis

the theorethical predictions
_ was found,leading to the conclusion that the most reasonable mechanism
at high oxide coverages is the chemical reaction of H2 with two adjacent

Pt0 sites, which is the rate-determining étep. Further reduction proceeds -.
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via a coupled chemical-electrochemical mechanism as proposed by Shibata and,
Sumino(283)1 The theoretical calculations for high oxide coverages had to
account for molecular interactions between the adsorbed OK/0 species, while
good agreement at lower oxide coverages was obta;ned by taking nnto_

account the dissociative adsorption of H2 to form H. on Pt.
& .

>.  OBJECTIVES OF ' THE WORK . S ’

In two previous papers(Z¥6:23*) tre origin of electrochemical
oscillaiory phenomena was examined and demonstnated the role of reactive
oxide films and diffusion effects at the Pt electrode in relation to the
periodic kinetics of formlc a01d and ethylene ox1dat10n(2 ) In an earliex
paper(zgo) large oscillations in the oxidation of anhydrous formic acid
were reported The electrochemical reactions which formic acid and ethy-
lene undergo at electrodes'are known to be complex(zgi 293) so the study
of a 31mpler system which exhibits 0501llatlons was desirable.,

Osc1llatory klnetlcs were observed in the electrochemical oxi-
dation of H at Pt. This is a smm?}e reaction in which dissociative adsorp-
tion of H, followed by electrochemical oxidation of chemisorbed H ("PtH")
can occur in poiential ranges below and near those for Pt surface oxidation,

according to the reaction steps:

Pt + 4 H,— PtH III
or 4 -
Pt + K, + HO ——PH + HO + e IITa
coupled with PtH —— Pt + H + e v

The region of significant H coverage ( oy } at Pt is 0 to +0.35V E§2,29¢);
dbove this potential, 6,—=0. Beyond the potential ( ca. +0.8V Ey ) of
significant oxidation of the Pt surface, it is well Tnown 282) ghat H,

oxidation is inhibited but residual oxidation of H2 on the oxidized Pt
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- surfacé\can, in principle, occur according to the following formal reactions

( of. refs. 283,28% ): .. .

PtOH + 3 H, ——Pt + HO v

A
\

P+ 0 ——PtOH + H & & rapid VI

Since Pt-oxide formation can play an important role in the H2
oxidation reaction, it was of interest to determine the reactivity of
oxidized Pt electrode surfaces for this reaction by controlling the extent
of oxide film formation by varying the H20 content, as had been done in the
work on Cl, evolution described in Chapter II.

By conducting the oxidation of H2 in an almost anhydrous solvent
medium, trifluorvacetic acid.( TF4 ), it was found that sustained H,
oxidation current oscillations can be observed under controlled-potential
conditions and limited oscillations undexr linear potential—sneep(zus)
conditions: An attempt to explain the nature of this oscillatory behaviour
was made by relating the phencmenon to the extent of suxrface oxidat?on of
the Pt in almost anhydrous TF@, +o0 the mass~transfer of dissolved H2 by

diffusion and to the co-adsoxption of CF,C00” anions.

3. EXPERIMENTAL

(i) Choice of Solvent System: Trifluorovacetic acid ( TFA ) was

chosen as solvent because (a) it can be mede initially almost anhydrous
( ef, ref. 189b ), pure by normal solvent purification and drying proce-
dures, and very anhydrous by " gettering " remaining traces of water by
addition of a trace of trifluorpacetic anhydride through the reaction

CF400 0 COCF; + H,0 traces —w2 CF;000H; (b) it is a good ionizing
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solvent for a number of salts inecluding potassium't:ifluoroacet;;e (\KTEA )E;
(c) it is itself, with KTFA as electrolyte, not oxidizable until above

+ 2.2V EH when it undexgoes the Kolbe reaction(isga). Hence there exists

a large anodic potential range over which the solvent 1s electrochemically
inactive: for example, no H atoms dissociatively active at Pt exist in the
molecule as they do with some other non-aguecus solvents such as CHBOH,
C2H5OH or CH3COOH TFA is‘thus an ideal electrochemically inaciive solvent,
anodlcally*, and since it does not have actively ;vailable the " elements
of oxygen " thexe is also no possibility of oxidation of the Pt electrode
surface over a wide range until the carboxylaite function is discharged.
Hence, effects of controlled trace additions of water which lead to limited

surface oxidation of the Pt and to oscillatory behaviowr in H2 oxidation,

can conveniently be examined.

" (ii) Chemicals and Purification Procedures~ A1l chemicals used were of

analytical reagent purity. Further purzflcatlon procedures were performed
as described below: ‘

(a) TFA ( Eastman Kodak Co., ) was first gently refluxed over KMnO)
( Fisher Co., Ltd. ) for at least 24 hours, The mixtﬁie was then slowly
diétilled, three successive distillations being pexrformed., Prior to the
third distillation, 0.05% of trifluorocacetic anhydride was added to reduce
to virtually zero the water content in the acid to be used immediately
after,the distillation in the experimental rum.

(b) Trifluoroacetic anhydride ( Eastman Kodak Co., ) was used to
remove any residual water in the TFA, as mentioned above. It was purified

by performing a slow distillation at 312.5 K, prior to use in a run. Later,

¥*

There 1s evidence(laga) that, in aq. media, cathodic reduction of TFA can
occur, However, in the present work, the effects were mostly at potentials
well positive to those where reduction of the molecule could occur.

-~
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the anhyﬂride was also distilled from KMnQ,. : -

-(c) KIFA, used as electrolyte, was prepared by neutralization of
previously purified TFA with SM K2003 ( Fisher‘ACS analytical grade ).
The mixture was heated gqntly until saturation was achieved. The solutlon
was then left to crystallize siowly. The crystals wexe washed with the
m;£her liquoxr and dried under vacuum at 110° c.

(d) Water used for water additions in the runs was obtained by the
pyrocatalytic distillation procedurg previously described(?B) in which
water is distilled through a silica column’ containing Pt/Rh gauze at
7500 C with 02 to ensure removal of traces of organic impurities.

(e) H, and N, gases used for bubbling in the cell were purified as
described previouslycsz'zgé) with special provision of drying stages
( charcoal traps in liquid XN, ) in the gas line. The gases were pre-
saturated with TFA by bubbling through small iraps just prior to entxy

into the cell.

(iii) Solutions: The solutions used consisted of 0.5M KTFA dissolved
in the pure 100% TFA liquid. The dryness or wetness of each solution was
controlled with successive additions of trifluorcacetic anhydride or of

the pyrodistilied water, respectively.

(iv) Glassware and Cleaning Procedures: A small cell having a volume

of 40 cm3 was employed. The cell was first cleaned with concentrated stoq,
rinsed repetitively first with hot and later with cold pyrodistilled water.
Prior to use in a rum, the cell was dried for 12 hours in an éven main-
tained at 200°_C. After cooling it for a few minutes just before the run,
the inside of the cell was rinsed with trt Fluoroacetic anhydride to ensure

complete dryness.
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All glassware used for preparation of the solutions was always

treated in'the same Way.

(v) Apparatus: Potentiodynamic sweep experiments ( ef.ref, 22a ) were
carried out using a Wenking potentiostat driven by a Servomex LF 141 function
generator, The current-potential curves were recorded oﬁ an Hewlett-Packard
XYéﬁecorder throughan high-impedance cathode follower, Oscillations gene-

rated at constant potential, in time, were recorded on a Y-time recoxder.

(vi) Electrodes and Their Purity: Spectroscopically pure Pt wire

and gauges were used. Special attention was given to the procedure for
cleaning the electrodes. The following treatment w;s useds the electrodes
were stored in pure B.D.H. Aristar H2804, then rinsed with the pyrodistilled
. water and stored in it for a day. They were rinsed with trifluorcacetic

acid just prior to being inserted in the cell. A small P3/H bead electrode
was used as a reference element as this electrode could §e immersed

directly in the elecirolyte within the Luggin capilary of the cell thus
diminishing the resistance that otherwise arises through a bridge to a

separaéz hydrogen compartment(62’295).

(vii) Experimental Procedure: The solution was first deoxygenated

by bubbling purified dry N2 through the cell for about 20 minutes. Then the

current~potential profiles generated by a repetitive. linear sweep wexe

recorded., The amount of water present in the solution could easily be
characterized ( cf..xef, 296 } by the quantity of charge associated with

the oxide reduction peak(zza’ég)

at Pt.
Under conditions when only traces of water were present, holding

the potential at the anodic end of the sweep for a few minutes enabled an



- 196 -

increase in the Sx&?e reduction péak to be recorded, coirespond;ng to
diffusion of H20 and growth of the oxi@e,film. The same procedure wWas per-
formed as a test for ultra-dryness of the solution; thus, with holding at
the anodic end of the sweep there would be no change in the flat current-
potential profile over the oxide reduction region if no water was present.
This vas found %o be the case for five min. holding in solutions " gettered "
with trifluorcacetic anhydiide.

In order to reqPrd oscillations in Hz—oxidation current, the
solution under study was bubbled with H2 for 2t least 20 minutes, Then
the current-potential profile was obtained, showing anodic cuxrenf—oscilla—
tions at about + 1.3 V vs. PdH., To obtain repetition of the oscillatoxry
behaviour for the same soluiion, H2 gas was re-bubbled before each recor-
ding of the i-V profile.

To obiajin current oscillations in time due to H2 oxidation at
constant potential, the Servomex function generator was specially set to
terminate a sweep at a predetermined controlled potential ( in the cathodic
direction ) at the value where oscillations were found to commence. They
were then recorded on a fast Y-time recorder at chart speeds up to 200 mm s_i.

" In all experiments, a reference i-V profile for the Pt ‘electxrode
in the solution in the absence‘of H2 was taken before and after the H2
oxidation current behaviour was observed. For the profile taken after the H2
oxidation current experiment, the solution had, of course, to be bubbled B
out again with dry NZ'

In some experiments, simultaneous relative reflectance (» R/R %
experiments { cf. ref, 297 ) were performed* while the ele;trode was
giving a periodic Hz-oxidation current, This experiment was conducted in

order to indicate if periodic formatlon and;:educ%ion of an oxide film

m -
These experiments were céiried out in collaboration with Dr. F.C. Ho in
our Laboratory.
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was involved,

4, RESULTS AND PRELIMINARY DISCUSSION

In the presence of H2 in TFA solution, current oscillations at the
Pt electrode were observed under both potentiostatic and potentiodynamic
conditions. The oscillatory behaviour was found to depend (a) on degree
of dryness of the solution, i.e. on the extent to which the Pt electrode
surface was oxidized at appropriate positive potentials, and (b) on stirring.

It was first necessary to define the state of the Pt electrode

surface in anhydrous TFA solutions and those containing traces of water
by establishing the H adso;ption characteristics at Pt in this solution
and the exteﬁt of surface oxidation that arises in Ege presence of various
trace concentrations of water. In these initial experiments, no molecular

H2 which gives rise to the oscillatory behaviour was present.

(1) The Current-Potential Profiles for Pt in Anhydrous TFA and with

Added Traces of Water

(1) Effects of Added Water:The potentiodynamic i-V profile

at Pt for the most anhydrous TFA solutions was shown in Fig. 3a

and comparatively in Figs. 3b, 3¢ { see Chapter II, Experimental
Section (i), page 73 ) those for the same solution with controlled
additions of water. Holding effects at the positive limit Ea of the
anodic sweep are 2lso shown. These results demonstrate ( Fig. 32 ) the
initial dryness of the solution where no detectable ( < 1% coverage )
surface oxidation of Pt occurs ( cf. ref. 296 ) and how a small and
controllable degree of surface oxidation arises ( Mgs 3b, 3¢ ) when

traces of water are present. If the initlal dried preparation of distilled
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TFA contains, as it usually does, a trace of water, thls is indicated by
small but significant-oxide film formation currents at potentlals more |
positive than ca. 0.95 V'EH and a small oxlde reduction peak in the cathodic
sweep, An ultra-dxy solution can then be obtained by controlled trace
additions of trifluorcacetic anhydride until the i-V profile takes the -
form of Fig. 3a with zero surface oxidation current and ng oxide reductlon
peak in the cathodic sweep. Confirmation of ultra-dryness is given by hol-
ding the potentlal at the positive end of the sweep for 1 - 5 min. ( ef.
Experimental, Section (vii), page 73 ) and demonstrating ( Fig 3a, curves
2, 3) no development of any Pt;suxface oxide reduction peak in a
following cathodié‘sweep: such a Pt-surfadée oxide reduction peak ;é found
-té arise only if iraces of water are present when a non—diffusioﬁ;controlled
oxidation of Pt occurs from traces of water ad§orbed at the Pt ( perhaps
surprisingly there is no effect of bubbling N2 on the degree of surface
oxidation of Pt atteined in the presence of H,0 ). ~
The extents of surface oxidﬁtion of Pt in Figs. ég—c are found,
as expected, 0 be substantially below a monolayer { this is obvious in
comparison with the H atom charge for the same electrode ) when only

traces of water axre present.

(2) H Adsorption in Anhydrous and Almost Anhydrous TFA: It is

interesting that even in the driest solution, current peaks for adsorbed

H atom deposition and ionization(zza)

are observed ( Fg. 32 ) indicating
that underpotential deposition(zga) of chemisoxbed H in at least two

states ( there are 4 or 5 observable in water (29?’298)) on the Pt surface
is possible in 2 solvent other than water. By comparative experiments in
0.1 ag. HClOu on the same electrodes, it was shown that the H-accommodation

at Pt in anhydrous TFA up to the H,-reversible potential is about 40% of
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that in water., The charge for H depositionrand ionization on the same
electrode studied in 0.1M ag. HClOa was therefbre used as a standard of
reference(29 8) for evaluation of extents of surface oxidation of Pt in the
" TFA solutions. The appearance of adsorbed H starts at + 0.2V to the H2—
evolution potential in TFA ( instead of + 0.35V in aqueous HClOu). This
is almost certainly due to competitive adsorption of the TFA anion in this
solution, as e.g. is found for halide adsoxrption in aqueous solutions

( see Chapter III ). The rema;nder of coverage by H up to a monolayex
presumably occurs by_deposition at potentials negative to the ‘reversible
H, potential in TFA as solvent. However, this K is inacessible to direct
neasurement.

It is to be noted that when the solution has been " gettered "
with trifluoroacteic anhydride, there is a significant ( 10% ) diminution
of H accommodation at the Pt surface due presumabl} to adsorption of
residual anhydride. However, upon addition of traces of water { Fig. 3b ),
the full extent { £ 2% ) of H adsorption for the TFA solvent is attained
again after about 0.74 mol% of water has been added.

That the coverage by adsorbed K in excess TFA as solvent does

attain a well-defined value up to the H, reversible potential was demon-~

2
strated by “ holding " experiments ( Figs. 3b, 3¢ ) in which progressively
increased quantities of surface oxide were gener;ted in the presence of
traces of water by keeping the potential at the positive end ( + 2.15V By, )
of a potential sweep for periods T, of 30, 60 and 120 s. These experiments
show that the i-V profile for K deposition and ionization on the electrode-
remains almost constant ( Figs. 2b, 3¢ ), thus indicating that the below-
monolayexr coverage attained was not due to adsorption of impurities which

A
are nommally oxldatively displaced by this procedure. The H)deposition/
i .
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fonization charge in Fig. 3c &s 109 * 10 € cn ° compared with 270 y C

per apparent cm-z observed for the same electrode in agq. 0.1M Hcloa.

-

(3) Surface Oxidation of Pt in Almost Anhydrous TFA in Relation

to that in Water:The &fects of added water on the 1-V profiles

for Pt iﬁ TFA were shown in Figs. 3a-c¢. The behaviour of the oxide film
formed at Pt from traces of water in TFA, i.e. when the oxide film is
present only at low coverages, is seen to be surprizingly similar to that
of fuller films on Pt in water ( Figs. 29 and 30 ). Despite the low
coverage ( 8oy ¥ 0.1 can easily be achieved in a " fairly dry " solution )
the surface oxide begins to be fffggg\;n TFA at ca. 1.o§‘g Ey ( Fig. 3b )
but is reduced only at appreciably less positive potentials, commencing

at 0.95 V EH,as is the oxide formed in the fully agueous solution, This
suggests that the small coverage by oxide may be present as islands on the
Pt suxface. 7 _

If the potential sweep at Pt in TFA in the presence of &9 mol%
water is progre;sively.cut from 2.050 to 1.560 G B the extent of surface
oxidation ( and the corresponding charge for reduction of the surface
oxide ) diminishes as in fully aqueous solutions(sg). Thus the oxide
reduction charge Q decreases linearly with diminishing end potential Ea
in the previous anodic sweep ( Fig. 29 ) and the reductién peak potential
VP is linear in the oxidation charge Q ( Fig. 30 ). These two figures also
show colparatively the behaviour in aq. HClObnéolutions. However, the
slope - dVP/dQ in Fig. 30 is much larger in TFA than it is in ag, solution
while dQ/dEa ( Fig. 29 ) is much smaller. This suggests that there is a
relatively greater stabilization duve to place exchange of the oxdide film

grown in TFA from traces of water than that grown from fully agueous
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solution. Presumably this arises from the different strengths of adsorption
" of the tuo -solvents ( cf. Tefs. 299,300 for K0 adsorption ) at the oxidized
" Pt Surface and the greater metal/solution field that can exist in the

-double-layer due to the lower dielectric constant of TFA than that of watex.

' (41) Oscillations in H, -Oxidation under Potentiostatic Conditions:

From potential-sweep experiments [ see Section (iii) below ]

it was found that oscillations in the molecular Hz-oxidation current
arise at a critical potential, V , correspomding to the commencement of .
reduction of surface oxide at Pt. The potential Vc depends on the surface
coverage of the oxygen film as can be seen from Fig. 29 and is, of course,
dependent on water concentration since the latter determines the extent
of surface oxidation at a given potential. That the oscillations are not
due to participation of the external circuit ( cf. ref 252 ) was shown
by varying the ‘resistance from whicﬁ the current measurement is made ox
by varying a series resistance in the reference-electrode circuit. They
are thus intrinsic kinetic oscillations of the type that has been previously
observed in other systems (b, 245, 2h6) '

Sustained oscillations could be demonstrated by adjusting the
potential potentiostatically at the value V_ and following the oscillating
current on an high 1nput—1mpedance potential-time recorder system. Examples
of this kKind of osc1llat1ng current behaviour for H —oxldatlon are shown
in Figs 31a, b, c, 4.

In contrast to the oscillatory behaviour of HCOCH or 02 ),
oxtdation P*6) | the H,-curzent periodicity is initially ( Fig. 3la and
to some extent as in 31b ) almost sinusoidal corresponding to " Linear- .

oscillation "¢256) tenaviowr. This may be comnected with the simpler



Fig. 31 - see following page

LY

Fig. 31 Four examples ( a, b, ¢, @ ) of potentiostatic ( + 1.24 V)
osciliations of H2 oxidation curggnt at the Pt electrodg in TFA:
(a) is the almost sinusoidal oscillation occurring initially;

(b) is the nonsinusoidal, but still simple, oscillation which
develops later; (c) and (d) are compound oscillations which
develop subsequently ( the relative amplitudes of the two
components also very slowly with time ). The +ime base was 4 cm s_?
(&) Record of an apparent simple type oscillation on a faster

fime base ( 20 cm s™ ) showing " nonsinusoidal " behaviour ( the
very low amplitude oscillations superimposed on this record are
due to writing noise in the recorder ),
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.reaction involved with H2 than with HCOOH ox 02H . However, it is evident
frop Figs. 3lc,d for example, that there is some compound oscillation also
involved as there are two components in the " sinusSoidal " osclillations
which develop in F;és. 31c,d and show a superimposed longer-period change
of amplitude. No oscillations arise 1f the solution is " absolutely
anhydrous " nor if excess water is present [ see Section (131) below ]+
An enlarged recoxd of a single-peaked oscillation on a faster time-base
is shown in Fig 31e from which it is clear that once the oscillations
have beccme estabiished, they deviate sﬁbstantially from the almest regular
s1nusomdal form of Fig. 31la. .

The chaxrges q in each oscillation can be evaluated from_j; i dt
over a single oscillation, Two questions arise with regard to these
charges q : do they correspond to the charges for reduction ( by H, ) of

a small area of Pt surface oxide periodically generated from the traces
of water or do they correspond to charges for oxidative depletlon of H2 in
the diffusion-layer? It is therefore of interest 1o evaluate the Faradaic
charges q ‘ involved in selected samples of the current oscillations ( see

. T
Figs. 3la~d ) This can be easily done by calculating i dt over the ---

0

period T of the oscillation whic& can be accurately measured from the
6alibmated recorder traces ( e.g., Figs. 3la-d ). Values are shown in
Table 2 for the sample osczllations in Figs. 3la~-d. Two samples wexe
taken of each oscillatory mode and gave reasonable reproducmblllty of
the respective @ values.

At the beginning of the potentiostatic oscillation, 9 is small
(ca. 6uC an 2, Rig. 3la ) while later, when the oscillations have
developed in amplitude, g at%aiﬁs values in double peaks ( Fig. 3lc )
up to 296 1C em™ 2. The latter values are much larger than would coxrespond

to periodic reduction and re-formation of the oxide film in almost dry
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TABLE 2

CHARGES ASSOCIATED WITH OSCILLATIONS IN

CURRENT AT ‘CONSTANT POTENTIAL

Oscillation

Chérge per unlt area

of electrode
( wcam™®) t 2%

31a initial oscillation
initial oscillatlon
initial oscillation
initial oscillation
initial oscillation

31b sample 1, double peak

larger component
smaller component

sample 2, double peak
laxrger component
smaller component

3ic sample 1, double peak
laxrger component
smaller component

sample 2, double peak

larger component '
smaller component .
314 sample 1, double peak
larger component
smaller component
sample 2, double peak

larger component
smaller component

7.7
8.9
6.4
3.1
L.s

128.5
100.5
28.0

130.0
100.0

30.0

286.0
136.0
150.0

296.5
145,5
151.0

284, 5

175.5
109.0

256.5
152.0
10k.5

mean

6.1
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. solutions { viz. 20 - 40 C em? )} and must therefore correspond to
oxidation of from the diffusion layer.
HZ A
The quantity of H2 in the di?fusion—layer in a static solutlon,

based on an estimate of the solubility of H ;n TFA + 0,5 M KTFA, 1s

2
approximately h.bxlo-s mol em~© in a lamina of thickness of 0.02 cm. This

coxrresponds to a charge of ca. 8800 u C em 2

, il.e. very much larger than
the charge in a single oscillation at constant potential, but only partial
depletion of the diffusion-layer may, of course, occuxr. This suggeéts that
although oscillations are connected with diffusion,since they no longer
occur in a stirred solution { see Section (iii) below ] , the charge in
the oscillation could, in part, be connected with the periodic reduction
of an oxide film. It is to be noted, however, that in the potenticdynamic
experiments ( see following section ), the current spikes in a static
solution ( e.g. in Figs. 38, 40 see below ) almost reach the diffusion-
limited current me;sured in a well-stirred solution.

In solutions containing controlled additions of water, the
oscillations always commence or occur in the cathodic i-V profile just
where reduction of the incomplete oxide film commences, that is where,
on the anodic sweep, oxide film formation is also just commencing.it is
known(ég) that the commencement of surfaée oxide formation at Pt ( up to
GOH = 0,15 in aq. soiuiion ) is an almost reversible procesé. Hence, at
this potential, some small fractional coverage of surface oxide can
periodically be formed and reduced. It is clear, however, that a large
coverage of OH or 0 specles camot behave in this way because of-the
well-known hysteresisczza’éi’ég) between formation and reduction of
appreciable coverages of OH and 0 specles on Pt., Thus, coverage in excess

of a monoclayer of OH 1s only achieved in water beyond 1.1 V EH but reduc-.
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N
tion of this quantity of material only commences at ca. 0.75 V EH' Hence,
only a small reversidle component ( cf.ref. 69 ) of such an oxide film
could sustain oscillations associated with periodic szmﬁrtion and reduc- -

tion of the film over a narrow potential range.

(13i) Oscillations in H,-Oxidation Current under Potentiodynamic

Conditions

(1) Behaviour in almost Dry Solutions: In an extremely dry

solution, gettered by the anhydride, the i-V profile of Fig. 32 is
observed and no oscillations arise. Under these conditions, inhibition
of H, oxidation which normally occurs at ca. 0.9 - 1.0 V B, ( see Fig. 35,36 )
does not arise; H2 oxidation then continues with substantial currents up _
to high positive potentials ( + 1,8 V E; in Fig. 32 ). Then both the
anodic and cathodic i-V profiles are almost identical and no oxide
inhibition effect occurs. This is consistent with the background i-V
profile for the Pt electrode in ;nhydrous TFA in the absence of H, ( curve
b of Fig. 32 ):which shows no sign of surface oxidation, even after
holding the potential for up to 5 min at 1.86 V E.. Stirring increases
the current substantially ( Fig. 32 ), depending on stirring rate, so that
H2 oxidation is diffusion controlled.

If a very small trace of water is, however, still present or
is added, the system exhibits oscillation on the cathodic sweep right
from the most positive end of the sweep as shown in Fig. 33 . The oscilla-
tions, it seems, are not dependent, in this case, on the reduction of

a significant fractiocnal oxdde film on the Pt suxrface as they are when

more water is present ( see Figs. 35, 37, 38 below ). These oscillations
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Fig. 33 Cuxrrent oscillations in H. oxidation on the cathodic sweep in two

2

potentiodynamic experiments on H2 oxidation at Pt in almost dxy
TFA + 0.5 M KTFA ( s = 8x10”°V s 1, T = 298 K ). Note: potential
scale of serles 1 is ha.]:f sensitivity of that for series 2 to
accomodate the results on a single graph. Upper curve, relative

reflectance changes ( AR/R ) measured simultaneously with the
oscillations.
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have an amplitude which almost reaches the Eurrent profile attained in a
well-stirred solution (‘Fig. 32 ) and their lower limits are seen ( Fig.
33 ) to coincide with the locus of currents generated on the previous
anodic sweep. This situation is again different from that arising when
sufficieﬁt water is present to produce a significant oxide film ( see
Fgs. 35, 37, 38 and 40 ).

Inspection of the series of oscillations in Fig. 33 shows that
their interval diminishes as their amplitude decreases during the progress
of the cathodié sweep. This suggests that each current pulse occurs after
an interval of time, At , from the previous sbonte.neous pulse { Fig. 33 )

determined by the period required for the H2 concentration at the elec-
trode to recover, by diffusion, almost to its bulk value in the diffusion~
layer. When this situation is established, the electrode is reactivated
for Hz—oxidation and a new current pulse is generate§. This mechanism -
leads to the expectation, based on well-known principles of diffusional
transport and the concept of " transition time "(°1), that the magnitude
of successive current pulses in the sweep should decrease with'the gquare-
root of the time interval,At , between the successive oscillationsof
Fig. 33.

. This is elegantly proved by the plots in Fig. 34 which show

that the amplitude of successive oscillations is a good linear function
of ( At )% for two separate examples of oscillatory behaviour, As required
for this mechanism, the i vs. (A t)% plots extrapolate through the origin.
The key role of diffusion coupled with the electrode reaction at the Pt |

surface is thus established by the plots in Fig. 34.

The " on-off " nature of the perlodicity of current under ppten-
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Fig. 3% Test of relation between current oscillation amplitudes al in Fig, 33
and the square-~root of the time interval, At , betveen successive
oscillations for the two series of oscillations shown in Fig. 33

for separate experiments.
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—
tiodynamic conditions ( Fig. 33 ), where oscillations ave virtually

well separated pulses, suggests that t_’/;ntegrated equation for diffusion

of H2 at an electrode at which the H2 is oxidized at a current density i, viz.

(42)

can be applied to each pulse as though it were a current transient with an
associated transition time, At , for ¢ to approach zero. In eq. (42),

o, is the bulk concentration of H, in mol cm-3, c, that at the electrode,

D is the diffusion constant of Hy, t the time and z the mumber of Faradays
per mol for the oxidation reaction. From the maximum ( initial ) current
pulse in Fig. 33 and the corresponding time interval at ( see relations

in Fig. 3% ), an estimate of ¢, - ¢, can be made. It 1is found to ‘be
almost equal to % the saturation solubility of H,. Thus the. current
oscillati&ﬁ consumes almost all the H. built up previously in the diffusion

2

layer while H, oxidation was inhibited.

2 .
The upper curve of Fig. 33 shows that the oscillations are
accompanieé by sSignificant periodic relative reflectivity ( cf., xef, 297 )
changes of the surface, indicating that the current periodicity is not
just due to periodic diffusion effects but also to'changes of state of the
surfaée of the electrode. In this experiment, the TFA was almost, but
" not completely, dxy as indicated by the anodic cuxrent profile for H,
oxidation and a separate background experiment in the absence of H2' In
these circumstances, it seems that the periodic transients in AR/R showld
be related to anion desorption/readsorption rather than fo oxidation and
reduction of the surface involving the traces of water [ see Discussion,
Section (411 ) ] , although some oxide film effect is almost certainly pre-

“sent,
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(2) Relation to Surface Oxidation of Pt in TFA with Controlled

Additions of Water: Under potentiodynamic condition§ where

a 5355_ of potentlals is scanned, it was always easy to generate tempora:y
oscillations as the potential in the sweep.passed through a range near V

[ see Results, section (111)] provided that (a) the solution was not
too dry or (b) a substantial concentration of water (> 5% ) was not
present ( see below ). The behaviour observed was reproduced on man&
occasions at various electrodes and from differeg} solutions over a period
of two years.

If the quantity of water present is small, so that only a.
fraction of the Pt surface is covered by an oxide film, then oscillaéions '
oceur on the cathodic sweep ( three or four, oxr nore, are observed depen-
ding on extent of prior oxidation of the electrode ) once the potential
for commencement of oxide reduction has been reached at Vc. The charges
aﬁsociated with the oscillations vary from ca. 6 to 40U C cm-z, i.e.,

comparable with the charge required for depletion of H, in the diffusion

2

layer. Fig. 35 shows an exampie of the poténtiodynamic i-V profile for

H, oxidation at Pt in TFA + 0.2 fiol% 0 Contxast Fig. 32 for very dxy TFA.
In order to \understand this behaviour, it is useful first

to relate it to the i;:\SEBTI;ZE for Hz-oxidation which arise { without

oscillations 1 in agqueous solutioéi%?%nder such conditions, molecular

H2 is oxidized continuously at Pt in a diffﬁsion-controlled reaction

over the potential range 0.0 to 0.75V EH and in the H atom adsorption

region at Pt ( 0.0 to 0.35V E, ) the H_ molecule oxidation current simply

2
adds to that of chemisorbed H { Fig. 36 ). Around + 0.75V Ey» however, ( Fig. 37)

Inhibition of the Hz-oxidation commences, until by 1.1V EH where the Pt
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36 Potentiodynamic i-V profiles for H, oxidation at Pt in 0.1 M agueocus
. HC10,, without ( “broken line ) and with ( solid line ) hold.ing at
1.453 V By for 2 min; (2) Background curve ( without H, present )
for Pt surface oxidation and reduction over the- same potential
range at the same sweep rate shown above for comparison in (v).

Sweep rate = 1. 15x10” lys 1. ' \
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electrode is fully covered by OH species(ég). the‘Hé:pxidation current has .
become negligiﬁle. The behaviour is illustrated in Fig. 36 where the 1-V
profile for H2 oxidation at Pt i; compared with that for formation and
reduction of the surface oxide in the absence of H,. The H,-oxidation
current is,to a close approximation ( cf. refs. 283,284 ), the a1 fference -
between these two curves as shown in Fig. 37. The two current contributions
( from H, oxidation and that of the surface ) may not be entirely inde-
pendent since in the potential regions where OH is Just appearing on

the surface or the oxide film is‘just being reduced ( in the cathodie

sweep ) sdme direct chemical reaction of H2 with the OH or O species

could arise ( cf. refs. 283,284 ). However, on the anodic sweep, thi.s
effect is not significant. . ' ; |

The main point of similarity to Fig. 35 is that as soon as
oxide film reduction begins, a sharp increase in the/;nodlc current
component for Hz—oxldation arises but subsequently the cathodic current
for oxide film reduction becomes temporarily appreciable and reverses
the dfirection of change of the current giving 2 maximum in the net
anodic current ( since the oxide film reduction current increases in
proportion to sweep rate, this‘component appears more important at
higher sweep rates ). This effect is seen more cleaxly in Fig. 37 ,
curve (b) whereythe electrode has been held for 2 min. at the positive
end of the anodic sweep allowing more oxide to be fo rmea(222:69) pan
in the case of cuxve (a) for a repetitive sweeps then, on the cathodic
sweep, the H -current increase is sharper when oxide film reduction
commences but the oxide film_ reduction current is also larger due to the
greater quantity of oxide formed because of potential holding The sharp

increase of Hz—oxidation current in the "cathodlc sweep is seen to be

//“

1\__".

4
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Fig, 37 Current difference curves for H, oxidation a'[:. Pt inl 0.1 M aqueous
HC10, with holding for 2 min (a) and without holding (b) ( as in
Fig. 36 ), i.e., after subtraction of background i-V profile for
Pt in abeence of Hz. :
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analogous to that in Fig. 35 at the potential where pscillations commence
in TFA but nofoscillations are generated in“the ag. medium case ( Figs.
36 and 37 ). )
In the " nonaque.ous " solution case with TFA, it is significant
that the dexivative di/dV‘at the point where oxide film reduction just
commences ( Fig.35 ) is>1a¥ger than for the case of agueous solutlons
and approaches " infinity " whexe the oscillations commeﬁce, i.e., no
stable steady state is realized. This behaviour is similar to that associ-
ated with a bifurcation set in the cusp-catastrophe theory of discontinuos
(302) |

processes
M important part of the sudden increase of H,-oxidatlon currents
in Figs. 36 and 38 at the commencement of oxide film reduction, especially
after anodic holding, must be due to the accumulation of H, in the
diffusion layer ( cf. page 211 j during the time in the sweep when H,-
oxidation was inhibited. When inhibition is relieved by surface oxide
redﬁction in the cathodic sweep, a sudden increase of current to values
laxger than on the anodic sweep arises because (a)athe free catalytic
surface of Pt is generated having high activity (:as also observed in
oxidation of organic substances at Pt ) and (b) the H, concentration
at the interface in the diffusion layer haé\become increased towards the
bulk value. The same will apply to the beha;iour in ‘the almost anhydrous
TFA solutions in the oxide inhibition region but the quantity of oxide
generated as 2 £ilm in Figs. 36 and 37 ( ca. 600 p € en ™2 ) when water
is in excess is,.of course, much greater than that in Fig. 25 where only
a small coverage of OH and O species 1s generated from the trace of water

present in the TFA solution. ’
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'I‘ra.nsitiona;.l case beiween oscillatory behaviour in Fig. 33 and that -
in Fig. 35 . A small quantity of water is present and corresponding
small surface oxide coverage is generated: (a) background i~V profile
for Pt for two additions of trifluorcacetic anhydride ( curves 2,3 )
in relation to initial curve {1) for wetter solution; (b) oscilla-

tory behaviour of H2 current.
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The importance of diffusion and oxidation following periodic H,
accumulation is substantiated by the observation that stiriing eliminates
the periodic cuxrent behaviour ( cf. the case of C.H,, ref. 246 ) and
increases 211 currents up to a new mass—transférbcontrolled limit. Then,
apart from some inhibition effects when the oxide film is formed and relief
of inhibition when the oxide film reduction commences ( Figs. 35, 39 and 41 ),
the anodic and cathodic i-V profiles are almégt the same ( Figs. 39 and 41 ).
Although effects of stirring sndicate the role of diffusion, it 1s clear
from the existence of the oscillations that the reaction conditions must
change in 2 periodic way between partial aﬁd virtually complete diffusion
control. Thus, if the reaction was at all times completely diffusion
controlled, no periodic increases in its rate would be observed in unstirred
solutions. |

Transitional beha&iour between that in Fig. 33 for almost comple-
tely dry TFA and that in Fig. 35'for 2 less dry solution is shown in
Fig. 38. Here oscillations again commence when the oxide film begins to
be reduced but a sequence of many cuxrent pulses 1is generated on the
cathodic sweep as in Fig. 33. The lower series of curves (2) show the
i-V profiles for Pt in the absence of Hz for two succegsive additions
of trifluorcacetic anhydride to a TFA solution that was initially slightly
wet, The quantitf of oxide measured by the charge under the reduction peak,
becomes progressively smaller with the additions of anhydride. The oscilla-
tions in Fig. 38d correspond to a condition of surface oxidation charac-
terized by curve 3 in Fig. 38a.

Considering Mg. 32 in relation to Fig. 35, it is clear that

3f the solution is ultra-dry, inhibition of Hz-oxidation which normally
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»

occurs at ca. 0.9 - 1.0 V E,; does not arise.

In the presence of traces of water, the anodic current curve
exhibits ( Fig. 35 ) inhibition at ca. 1.2 V Ej but reactivation of the
electrode surface occurs in the cathodic sweep as soon as poféntials are ]
reached (.1.1 - L3V E ) ;here surface oxide reduction commences. The
potentials for the latter process depend ( Fig. 29 ), as found in ag.
solution work(éi'ég) ( see also Fig. 29 ), ;n the extent gf oxide for-
mation attained in the anodic sweep, i.e. on the potential and time -
spent in the anodié oxide formation xegion.

Figs. 35 and 39 show that in TFA with traces.of water, H2
oxidation is almost completely inhibited beyond potentials of ca. 1.2V
EH despite the fact that only about 10% ;; the surface is covered by an
oxide £ilm under the conditions of experiments giving Figs. 35 and 39 .
Only in the driest solutions, " gettered " with the trifluorcacetic
anhydride ( Fig 32 ), are appreciable H,-oxidation currents paintained
up to ca. + 1.86 V E,; without inhibition effects setting in.

These somewhat suipriSing results suggest that the H2—
oxidation reaction'ﬁakes place normally on only a sma;i fraction of
the Pt surface ( cf. ref. 117 ) where active centers, or suitable adges
or steps, are available. The behaviour is not inconsistent with Somerjai's
recent findings(303) on the catalytic activity of Pt single-crystal

surfaces cut at high index planes.
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.The charges associated with the oscillations in potentiodynamic

sweeps ( similar to that in Fig. 35 ) are given in Table 3.

TABLE

]

CHARGES ASSOCIATED WITH SUCCESSIVE PERIODIC H. OXIDATION
<~

CURRENT PEAKS IN POTENTIODYNAMIC EXPERIMENTS ( AS IN FIG. 35 )

Run 1.  Charge Run 2. Charge Run 3. Charge
HC em™? HC em2 "~ yC en>

peak 1 180 peak 1 130 peak 1 22

peak 2 200 peak 2 390 ‘ peak 2 59

peak 3 140 peak 3 380 peak 3 179

peak & 135

*
Four pezks are sometimes obserwved,

If the sweep is taken anodically Jjust into the region where
surface oxidation of Pt commences in TFA to which traces of water have
been added, and is then reversed, multiple oscillations arlse as shown
in Fig. 4% . These occur as the .very small quantity of surface oxide )
generated in the restricted range of anodic sweep 1s reduced,.

Further additions of water allow the electrode to become more

extensively oxidized in the sweep, -or on holding the potential at the
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positive end of the sweép. Then, in the cathodic sweep, only a single
current spike is initiated at the commencement of surface oxide reduc-~
tion but no oscillations occur ( Fig.41 ). In fully aqueous medium .
( 0.1 M aq. HC1O, ), the behaviour is similar as was shown in Figs. 36
and 37; again no oscillations occur. The single current spike in Fig. L1
and the multiple ones shown in earlier diagrams is suggestive of an
autocatalytic oxide siripping process of the kind suggested previously(zué)
iﬁ related work from this Laboratory, connected with nucleation and
spreading of holes in the oxide film by reduction by H2 coupled with
transport from the diffusion layer. ) '

It is interesting that when the spike current is initiated
( Fig., 41 ) its maximum value approaches the ( steady ) current which
can be generated in a strongly stirred solution where diffusion effects
are diminished, Of course, at the moment the spike current is established,
as mentioned earlier with regard to Figs. 33, 36 and 38, there is 2lmost
no concentration gradient of H2 at the electrode surface since the H2—
oxidation current has previously remained inhibited at more positive

potentials in the cathodic sweep, as éxplained earlier,

5. GENERAL DISCUSSION

(1) Origins of Oscillatory Behaviour: It was meniioned eaxrlier how

oscillating kinetic behaviour in a reaction ariseé under special condi-
tiens when no stable steady-state exists(62’246-248). This corresponds
to a situation where the differential equation representing the kinetics

of the reaction has a periodic solution in time rather than a unique
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steady-state solution, - -

It has been shown pxeviousxy(95'2“6) that oseillatory behaviour
can often arise when an electrode surface reaction is coupled with a -
reactant diffusion procesé(zﬁu), especially when the su¥face process is one
of passivation which exhibits a negative-resistance characteristic corres-
ponding to positiv; feedback. This is the situation with the present
éase of H, oxidation: (2) the i-V curves show an inhibitiecn or reacti-
vation region with negative dV/di; and (b) a diffusion process exists
which provides a2 kind of capacitance for the vesction { in a Warburg
impedance element ), so that coupling of these two conditiens can, in
principle, give rise to periodic kinetic behaviour analogous to that
in an inductively coupl%? oscillator. The positive feedback component

is usually an autocatalytic step or one that behaves in a kinetically

equivalent manner, i.e., the negative resistance characteristic of the

& _shaped passivation i-V profile.

it is to be.noted that the observed oscillations in H2 oxidation.

occur only on the cathodic sweep. This arises presumably because, in the
anodic-going sweep, a situation of increasing kinetic stability obtains,
with oxlde film coverage tending to increase and ‘anion adsorption
becoming stronger. In the cathodic sweep, the contrary situation arises,
and tends to cause increasing rates of H, oxidation as the potential
decreases, i.e., a positive feedback é;tuation is established leading

to instability with oscillatory behaviour in the kinetics.

(11) Kinetic Equations: In order to illustrate the complexity of

the problem of oscillatlons at an electrode, it will be useful 10 enume-

rate the factors which control the kinetics and write the appropriate
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rate equations. Six factors must be taken into account in fqmt‘zia.ting
a system of kinetic equations that represent the behawlowr of the H,-
oxidation reaction: (a) the role of diffusion(zsu') of. }[2- indicated by
stirring effects and by Fig. 33; (b) the reactivity of an incomplete .
oxide £i1m at Pt¢233289. (1) tne electrode potential; (d) the free
surface area, "(1-9)",available~for direct electrocatalytic reaction of
H, and, electrochenical coupliﬁg with oxide ::‘eduction;_ (e) inhibition
of ca.‘taly‘tlc activity of surfa.ce é‘bes by anion adsorption; and €y
reversibility ond.- 1rreversib1]ity ( hyste:r:esis(69) ) in the formation

and reduction of the oxide film.on Pt.- ' ..

r

The coné&“ltra:bion of I-I2 at the electrode will be demsted by

Ce and that in the bulk by Cb, and the distance variaWle over which a

concentration gradient can be set up as x. The diffusion process.is

-

H,(bulk) H,(electrode) ) VIiI

v ;

) e

for which
i, D4.C
—_— = - — = i/ZF (l{—ja)
dt . éx .

per unit area where i is the current density and D the diffusion coeffi-

cient .of Hz. "Also Fick's second law gives

2
D —Lg = | &2° (43b)
3ax’ [y at x
and the condition of interest is C= ‘Ce when x =0 , i.e. at the

eleqtrode surface.
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The reactions of H2 which can occur at thg surface are

HZ + 2Pt —2 PtH IIT
+

Pt —H + € + Pt Iv
and ( cf. ref. 284,285 )

H2 + 2.?%01-1—-21—120 + 2Pt ¥

Anion adsorption at coverage GA is represented by

A~ + Pt —Pt(4a)

] T T e

The surface oxidation ;qsgﬁions of ¥t are

pt + K0 (traces)—~PtOH * gt 4 §——Pt0 + H + €
at higher poten®ials X .

PLOH — " OHPt " ( place-excha/nfg&?;state of deposited OH )

-:": [N R NN X

Both H, and adsorbed H genera;.ted in step IIT could react with the
surface oxide species bul the jonization reaction IV is very rapid at
Pt at potentials > 0.4 V EH, so the coverage by H at potentials where
the Pt surface is oxidized will be negligible, Then the following
kinetic equations can be written noting that the subscript mumbers on
'ra'be constants ,/k , refer to the respective reaction steps emmerated

above with corresponding Roman numerals:

_8 _ ' 32 ¢ . YA
= = k4(1'9H"GPtOH) c, kS 8y exp ¥/b ()

where b is a Tafel slope factor RT/g F;
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% ko (1-8p0~C0ppt) &XP V/P - kgBpyoy Ce (45)

The overall velocity of H2 oxidation in temms of current-density

i can be written

— =V + W . (14-6)
o7 III Y
where IXI is coupled with VII through diffusion involving Ce ( eqns.

43a and 43b ), i.e.

-
i - e - _ _ 2 .
% = - Ry (50505050, - KOpeon Ce . (47)

-

The concentration would normally be obtained, as in other diffusion
problems, throvgh eq. (43b) by integration with suitable boundary
conditions. However,in the case of oscillatory i, Ce will be pe:iaﬁic.
If the periodicity is treated as a series of pulses ( ¢f, the form of
Fig. 33 ), the boundary conditions aré a little easier to define, at
least for the maximm current pulsedhwhen i~ oy €3 (42) indicates
C , 0; when i . i .. 0r 0 ( i.e., when inhibition prevails ), € i

e e

Szpak and Rice(BOQ)treated a related problem by assuming a

-b.

periodic boundary condition of a sinusoidal form: This does not seem an
acceptable procedure since the form of the oscillatory behavigur has
then virtually been assumed in advance. The periodic " boundary condition "
is really generzted by the kinetics of thé oscillatory process itself
which makes the solution of the coupled Kinetic and diffusion equations'
singularly difficult. S

Inhitdition effects arise in eq. (47) thxougﬂ the "(1-6)" terms

and probably additionally ( see below ) through the coverage 9,- by
[ . .
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adsorbed TF anions, and reactivation ( in a cathodic sweep ) as this
term becomes smallex, iutocatalytic effects can axise(zqs) in the oxdide +

filn st:iﬁiiné\ffep V. Potential—dependence of 1 arises indirectly
through ‘thedependence of Oy Soy» 94~ » and the corresponding "(1-@)"
“terms on VIII Neither steady-state nor quasi—aquilihrium expressions

can be assumed for these coverage temms, viz, l-GH -8 and Q

OH PLOH
in eqns. (44) and (&5). ’

(1ii) Role of Inhihition by Anion Adsorpiion and H, Accumulation

-and Transport in the Diffusion Layer: The oscillatory behaviour
appears to arise from per&odic inhibition and reactivation of the surface,
coupled with diffusion { indicated by the results of Fig. 3% ) and K,
accumulation in the diffusion layer, as discﬁssed in relation to the reéults
of Fig. 33 . The behaviour in this figure also indicates that the oscillations
are unlikely to arise directly from pexiodic formation and reduction of the
oxide film at low coverages since they commence already at 1.8 V EH and
pexsist down te-€a. 1.0 V E, under conditions wheie only a very small
‘coverage by " oxide species " can exist. Thus the behaviour of +the oxide
film itself in the absence of H, shows ( Fig. 37 ) that, even for the small
coverages generated by traces of water, there is a large hysteresis between - -
the formation gnd reduction processes ;ith respect to the potential
range inpvolved so that oxide existing.atli.B v EH cquld hardiy be reduced
and re~formed in a periodic manner over a short potential,ra?ge. The osci-

Datory behaviour is, however, also accompanied by " in-phase " periodic
changes of state of the electrode surface as indicated by the AR/R
results of Fig. 33 . The combination of theseé results indicates tha@ the

inhitdtion/reactivation involved in the oscillatory behaviour is more

likely to be.associated with anion adsorption since the oxide coverage

- -
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in pany experiments is insufficient to provide inhibition of H, oxidation
on more than ca., 10% of the apparént surface. - _

If oxidation of H, is initiated by a fluctuation , the pH will
be locally decreased ( note, the solvent is ca. 100% TFA ) due to produc-
tion of H from H, in the diffusion layer which could decrease inhibiting
anion adsorption by protonation of adsorbed trifluorcacetate anions giving
increasdd H, oxidation in a positive feedback_( autocgtaiytic ) process
and a consequent cﬁrrent pulse. As the Hz in %hg diffusion layer is
consumed, its rate of oxidation at the electrodefﬁecomes diminished
( C, < Cb ) and anion readsorption with inhibition is restored as the pH
recovers its initial value at the electrode suxrface.

figs.BS, 38 and 39l§ppﬁ"that in the presence of larger-traces of
water the oscillations are }égtiated at the potential where reduction of
the oxide film commences. ft first it was thought ( cf. refs. 246 and
25% ) that the oscillations were directly associated with periodic foZmation
and reduction of the oxide film at ca., 1.0 V E, through its reversible
component { cf. réf. 69 ). The results of Fig. 33 and the transitional
case, Fig. 37 , suggest, however, that the oscillations which arise at
the potential of commencement of reduction of the film are also associated
with anion desorption/adsorption effects. The presence of traces of water
causes complete inhibition of HZ oxidation in the anodic sweep de§pite
the fact that only 10 - 20% of the surface is covered by oxide fila -
this oxide presumabiy is preferentially formed on high energy ( least
noble ) catalytically active sites which are thereby blocked, Inhibition
remains effective on the cathodic sweep until the ( islénd ? ) regions
of surface oxide are just reduced; then new free surface sités are gene-

rated at which a large Hz—oxidation current~density can be temporarily
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sustalined, TheAbehaviour in Fig. 33 for an almost dry solution gives a
clue to the origin of the oscillatory behaviour in the wetter splutionsz-
the trifluoroacetate anion can cause inhibiﬁion at the newly regenerated
free Pt sites but as the reductiep of the limited-oxide film continues,
reactivation of H2 oxidation can occur several times depending on the
water content, i,e., oxide film coverage ( Figs. 37 and 40 ), and the
potential range in the cathodic swéep over which it is reduced. No H2
oxidation can occur until new active sites are generated in the wetter

solutions by reduction of the small coverage by oxide which blocks the

active regions of the surface in that case.

(iv) Cycle of Processes in Periodic H. Oxidation: It will be use-

ful to summarize the effects associated with the reactions given above
by means of the cycle of activity of the electrode as shown in Scheme II

( see following page ).
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APPENDIX I ( Chapter IT )

The method ( p. 83 ) for analysis of recombination-controlled
Idnetics necessarily applies to the ggggggh component, ia , of the net
current-density, i . Near the reversible potential, i differs from the
measured net curvent i according to ia = i + ic [_see Chapter 1I ,
Section (i1i), D. 95] shere i_1is the Yack reaction component of i.
For a general case, i is expressed as

1= 1 - i = 2Fk292 - 2Fk_2(1—0)2 (48)

Atf?-:o, i=Oa.nd.ic=1a=ioa.nd9'= Qr , the value of © at the
reversible potential. Then i can be written in terms of © and er, with

i and i as
a (o4
. . N2 AR 2 2
i= 18 /er - 10(1-9) /(1-91) , (49)

where 1 is defined by comparing the last equation with eqn. (48) . i

is obtained from eqn. (48), after elementary rearrangements, as

2

. (1-9) 2 s
= i - g)

Quasi-equilibrium in step I enables © and Gr to be related to

the reversible poten'i:ial VI_ and 7 2s followst

<3

F
- KCexp | =3 = = KCexp [vr+~t}
(i-6.) 1 w | § _3-6 1 BT

cevene(51)
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s0 that

% = To o [%F] (52)
r . .

Hernce

o= Yqt-ew [E_RTE] (53)

Thus, near the reversible potential, the measured net ¢ nt-

RT
oxder to obiain the relevant anodic current-densities controlled by the

densities, have to be corrected by the factor ‘ 1 - exp [— 2nF
kinetics of the recombination step.

Application of this correction causes the points in the hooic
of the lines of Figs. 6a and 6b,as well as‘Fig. 24 2t their lower ends
to be reduced in magnitude so that they 211 fall more or less on the line
after correction. The hock is therefore due to participation of the back

reaction at low % values.
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CONTRIBUTIONS TO ORIGINAL RESEARCH

A new approach to the study of the kinetics of anodic 012 evolution and
molecular H2 oxidation at Pt is made bj us%ng an unreactive non-agueous
solvent, trifluorvacetic acid ( TFA i, to which controlled additions of
.HZO are made enablingrthe extent of surface oxidation to be controlled

indep?ndently of the range of potentials employed, and thus its role in.

these two reactions to be investigated.

An appreciabtle, 15 - 45 fold electrocatalytic effect of the suxface oxi-

de formation on Pt electrodes on the rate constant of the recombination-con-
trolled process of anodic 012 evolution at Pt has been demonstrated by
C9mparing the rate of the.reaction in TFA where no surface oxide film

is shown to be present, and in water where it is present.

The kinetics havé been studied over the whole composition range 0 - 100%
K0 in TFA/H20 mixtures.

A new method has been developed for the kinetic analysis of current-
potential relations for an electrochemical process that may be con-
trolled by the rate of recombination of electrochemisorbed atoms, e.g.
Cl° , produced in a prior ion-discharge step, e.g. from Cl™. It can

be applied over the whole range of curxentsi and corresponding poten-

+ials V when the i-V relation is a curved one.

The method clearly shows that the anodic Cl, evolution reaction 1s
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kinetically controlled by a recombinaiion step under.all_conditions
exanined: in 100% TFA, in TFA/K,0 mixtures and in 100% aq. medium over
a range of Cl~ concentrations. Two methods of plotting the results
enable the curved relation of current and potential data to bé tested\
by lineaxr plots, the extrapolations of which lead to a quantitative
evaluation of the rate-constant, k2 » for the rate-controlling recom-

bination step and the quasi-equilibrium constant, Kl » Tor the prior

step of electrosorption of C1° at Pt from C1 . The k, and K, valu

1
and to surface oxide coverage and Cl~ specific

[Cl_] values, '

6. A method for allowing for the back reaction current component in the

kinetic analysis is proposed and demonstrated.

7. In TEA/H20 and in 100% HZO y it is shown that not only the oxide film
but the specific adsorption of CI~ ions is important in leading to

tetter electrocatalysis for the 012 evolution reaction at Pt.

8. In relation to 7. , competitive effects of adsorbed C1~ ion ¥s, sur-
face oxide formation are demonstrated and it is shown that the compe-
titive adsorption isotherm ( €17 vs. OH/O ) is logarithmic in [c:L'],
gilving a good example of Temkin type behaviour. A Precise micro-titra-
tion procedure was developed for determination of these competitive

adsorption effects down to very low concentrations of halide ions.
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By using TFA solutions with traces of H 0 present so that very small
degrees of surface oxidation could be controllably generated over a wide
potential range at a Pt anode, it was showr that H2 oxidation kinetics
are oscillatory. Current os;illations under both potentiostatic and
potentiodynamic conditions were established and analysed quantitati-

vely in terms of passage of charge and diffusion effects.

The role of diffusion control in the periodicity of H2 oxidation cur-
rent was clearly  demonstrated by showing that a square-root relation
exists between spontanecusly generated periodic current p§lses‘and the
time intervals, at , in this oscilla‘béry hehaviour. This was supported
by the observation that all oscillatory behaviour is eliminated by
stirring. The oscillatoxy currents were also shown to be in-phase
with periodic reflectivity changes at the electrode surface associated

«ith anion adsorption/desoxption and/or formation and reduction of

small coverages of surface oxide.

The oscillatory kinetics of H2 oxidation were found to be critically
dependent on water content of the meinly anhydrous medium, i.e. on the
extent 14 ch surface oxidation of the electrode occuxrred, A reaption
cycle involving periodic surface oxidation, anion { TF ) adsorption
‘and desorption, and depletion of H2 from the diffusion layer was
proposed as a basis for the oscillatory behaviour of HZ oxidation under

the experimental conditions used.,
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