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PREFACE

The phenomenological aspects of organilc clectrode
reactlions, including the Kn;be reagtion, have been cxtensively
examined for several decades from the pelint of wiew of |
preparative organic chemistry, However,. only relatively
superficlal investigations heva, until recently, been available
on the electrochemical kinetic and related aspects of these
reactions, The Kolbe reaction is s relatively simple
exsmple of an organic electrode process; howsver, as s eclass,
such procasses are usually gquite comnlex, Electrodr-
kinetic aspects of this rasction have heen the subject of
Investigzations 2% the University of Neweastle on Tyne end
previously in this Department.,

Provious experlmensal work from this laboratory
and that reported in the litersture lad to the conclusion -
that the Kolbe reaction_merited further 1nvestlgatian by use
of recently deVClOpéd controlled potential techniques and
modern approacﬁes Tegarding kinetics of consecutive reectionsa.
Accordingly, the preaent project was undertaken in crder to
exanine the mechanism of the Kolbe reaction at rpiatinun and
g0ld in several noneagueous and agueous solutions,. In the
dbresent worlk, mechanistie investigations or the Kolbde reéction
have been conducted with speclal reference to the following

natters,
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(1)  Tre kinetic behaviour of the Kolbe.reaction under
potentiostatic and potentiodynamic conditiens, Such
appreaches yield more significant experimental information
then do the galvanostatic techniques used previously for
reasons disocussed in the text of this thesis,

(11) The role éf surface oxides that ﬁight be co-adsorbed
wlth the Kolbe speciles on the electrode in the presence of
traces or excess of water in the ‘solutions examined, This
information, it will be shown, is indispensable in the
comparative examination of the reaction mechanisms 1g_non-
agueous and aqueous solutions to be discussed in the present
thesis,

(£11) The Kolbe reaction as an example of the speeial

class of heterogeneous reactlions, "electrode processes", This

approach has involved a kinetic analysis of a scheme of
conseentive processes that may be invoived in the overall
Kolbe reaction; the related problen of pseudo=-capacity and
charge essoclated with the adsorbed intermediates and the
potential dependence of these quantities has also been
exanined, and correlations between these quantities and the
reaction mechanisms have been proposed,

For the sake of convenlence and brevity, Naperian
Tafel slopes have been referred to 1n the text, whereas in

the graphs and tables etc., decadic (Briggsian) Tafel slopes

have been employed in the representation of the numerical data.
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ABSTRACT

The mechanism of the Kolbe reaction hés been
examined (a) on Pt and Au in “yery ahhydrous", "nominelly
anhydrous" and aqueous 14 KTFA/TFA solutions, (b) on Pt in
"Yery anhydrous" 1M CH,COOK/CH,COOR solution {in vacuo) and
in agueous (1M CH3COOK + 1M CHBOOOH) golution, and (¢) on
Au in "nominally anhydrous" 1M CHBCOOK/CHBCOOH solution and
in agueous (1M CH,COOK + 1M csacoon) solution. Controlled
potential techniques have been used and both steady~-state
and non-steady state measurements have been carried out,

These measurements have been conducted in order to seek
information on the steady-state kinetics of the reaction

under controlled potential conditions and on the 1degtity

and extent of adsorption of the intermediates that may be
present on the electrode surface, The potential dependence
61 The pseundo-capacity and charge assoclated with the ad-species
has also been discusseﬁ anﬁ its significance has been examined.
Previous data on the oharactérlsation of the products of
electrolyses have been qualitatively checked and confirmeqd,
Several types of correlations and derived plots have been
disoussed which illustrate the significance of the experinental
data in relation to the derivation of the mechanisms of the
electrode reaction tnder various conditions, On the basis

of these data and treatments, mechanisms are proposed for the




Kolbe reaction on platinum and gold inthe various types cof
solutions studied,

In general, high Tafel slopes have‘been observed
in most of the cases studied., ' The presence of traces or
excess of water in solutions seems to result in the coe
adsorption of surface‘oxide together with the‘Kolbe ad-
specles both on platinum and gold, The co-adsorbed oxide
has been shown to be an inhibiting species in all cases
where its presence is indicated experimentally,

In the case of gold in agqueocus (1M CHBCOOK *
1M CH4COOH) solution, the Kolbe reaction has been shown to
be completely inhidbited, probably by surface oxides, so that
the oxygen evolution reasction is predominant, in agreement
with the conclusions of previous workers. In the case of
the Kolbe reactlion on platinum in yery anhydrous 1M KTFA/TFA
solutions, 1t has been concluvded that the Teaction proceeds
on a "barrier-layer" film of "electro-inactiven ad-species,
CFB'. In the case of yery anhydrous 1M CHBCOOK/CHBCOOH
-solutions, it 1s belleved thet the Kolbe reaction on platinum
proceeds by initial dischafge of the CHBCOO' ion as the rate-~
deternining step (r.d.s.). In all other cases, 1t appears
that the Kolbe reaction proceeds on a film (which is
effectively a barrier-layer) of adsorbed RCOC® (with or

without co-adsorbed ozide, depending on whether or not soue




- xxil -

water is present in the solution) across which a part of the
total matal—aolut;on potential drop is :egarded as operating
and which is hence not avallable for assisting the activation
controlled charge transfer process, This would result 4in a
diminution of the values of the effective symetry factor E
and hence lsad to hiéh Tafel slopes, which 1ﬁdeed are
experimentally observed. In all these cases, electrochemiesl
desorption of the RCO0® specles has been suggested as the rate-
determining step (r.d.s.):

An hypothesis has been presented which seems to
provide a plausible explanation for a number of 1mpor§ant
general characteristics associated with the Xolbe electro-
synthesis, e.g., the inhibition of oxygen evslution in agueous
media. A brief discussion of recent releted work has also

been presented,.




CHAPTER I

INTRODUCTION

le GENERAL

The study of electrode processes has been the subject
of intensive investigation since 1833 when Faraday reported
the first semi-quantitative experiments on the electrolysis
of aqueous solutions (1), including acetic aéid. Most of the
early effort in the field of electrode kineties was directed
to the investigation of the hydrogen and oxygen evolution
reactlions and in more recent years to the study of metal
deposition or electro~crystallisation. Electrode processes
involving organic species have recelved relatively liﬁtle
attention from a basic eleoctrochemical mechanistic point of
view and are hence much less understood.> However, many
synthetic reactions have been carried out by elestrochemical
means.

The Kolbe reaction, which is the subject of the
present investigation, has been extensively studied by organic
chemlsts 1nterest§d in synthetic applications of the reaction.
Recently (2,3) there have also been some investigations the
purpose of which has been the elucidation of the electrochemical
kinetics of the Xolbe reaction, However, these studies have
usually been made under galvanostatic condltions (i.e. constant
current conditions) which fail to cohtrol effectively the most
important variable in the kinetics of electrode processes,

nanely, the potential of the working electrode. While in
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most cathodlc processes 1t is usﬁally found that the galvano-
static end potentlostatic methods glve essentially the same
results, in anodic reactions where non-linear log [burrenﬂ -
potential behaviour often arises, use.of the potentiostatic
method is guite essenplal for the full study of the electro-
chemical kinetlic characteristics of the reaction. In the
present investigétion} technigues employing pbteﬁtlal—controlling
devices, which were not easily available until relatively
recently, have been used. Use of}potentiostatic or potentio-
dynamic techniques. ylelds results which are more valid and
significant in the interpretation of electrochemical kinetlcs
of the processes involved at the electrode in the Kolbe reaction,
than those obtalinable by galvanostatic procedures, The
electrochemlcal significance of the conﬁrolled-potential
techniques will be discussed in detall in sectlion C of thils
chepter,

In the present 1nvestigation, particular attention
has been pald to a comparative study of the kinetics.of the
Kolbe reaction, from a mechanistic point of view, in completely
non=aqueous media, in media containing traces of water and
finally in solutions wheré excess of water was deliberately
added. This approach was adopted in ordér to seek information
on the role of surface oxides in the Kolbe reactlon, and this

has constituted a principal aspect 6f the present work,
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2, KXOLBE REACTION
(1) Ehenomenology

(a) Orgenic Chenm Agpec

The production of a hydrocarbon ét the anode upon
electrolysis of an acetate solution (or31n general,aliphatio
carboxylates), gemerally known as the Kolbe reaction, was, it
seems, first observed by Faradey in 1834 (4).. However,
detalled results were not obtained until 1849 by Kolbe who showed
that electrolysis of an alkell metal acetate 1led to the
formation of a hydrocarbon subseguently known as ethane,
together with two volumes of carbon dioxide (5)., lore generally,
the Kolbe reaction refers to an anodic reaction 1nvolving a
carboxylate structure, produecing earbon dioxide together with a
hydrocarbon or a corresponding hydrocarbﬁn derivative, The

overall anodic reaction can be written as

2RC00™—— 2C0, + BeR + 2e

substituted in certain.ways.

A considerable szount of work has been carried out on
this reaction with regard to its use in preparative organioc
chemistry, Several attempts have also been made at elucidating
the mechanism of this reactlon using mostly the techniques and
principles of synthetic and mechanistic'organic chemlstry,

Since a number of excellent reviews and bibliographies have
already been published on the organic chemistry of this reaction
{see references 6, 18, 25) a further review of this aspect of

the problem is not Justified in the present thesis.
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(») Electrochomical Aspects

The experimental oonditions used in much of the earlier
work cannot be considered ideal in relation to modern technigues
avallable for the investigétion of electrode processss.

Neasurements éf electrode potentisls over a range of
current densities heve been carried out by'se#eral investigators
(2,3,7-11) for the acetate case and for higher homologues and
Plots of anode potentiel versus log [current density] have
in all cases shown discontinuities in the curvés, corresponding
to a sudden increass in the anocde potential at a perticular
current density end vice versa. Analysis of products over a
range of current densities has showm that in acidic solutions

(9«15) (for a series of alkell metal carboxylic acid salts

and/or corresponding sacids from acetic to heptanoic), the major

product at low current densities was oxygen together with a
variety of oxidative degradation products derived from the
entity R, As & eritical current density and assoclaied
potential 1s approached, the ylelds of carbon dioxide and bhe
Kolbe product R2 5egin to become appreciadble, while the rate
of producticn of oxygen decreases. At and above the oritical
current density, the major products are as éxpected for the
Kolbe electrosynthesls together with negligible amounts, if

any, of oxygen. Under alkaline solution conditions, Hofer

and Hoest {16) have shown that methyl alcohol is formed instead'.

of ethane during the electrolysis of acetates, particularly at

Au,

Cm - RSt
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The range of so-called oritical potentials in agqueous
solutions lies in the region 2,1-2,2 volts (with‘respect to
the potential of the normal hydrogen elecarode); In non-
aqueous solutions, Glasstone and Hickling (17) have shown that
the critical potential for the electrolysis of acetates and/or
acetic acld was similar to that observed (viz. 2.14¥) for
aqueous solutions (17), and that the current efficiencies for
ethane production were quantltatively similar in the two types
of system,

Hecently Conway and Dzieciuch (2) have established that
the Kolbe reaction occurs on an electrode to some extent
covered by adsorbed intermediates (R®, RCOO® ete.) and that &
part of the total metal-solution potential drop operates across
this adsorbed layer and is hence not utilised for the normal
activation-controlled discharge process occurring acrbss the
lonie double-layer, Thus, it is only an unusually small
fraction (< 0.,5) of the .total metal-solution potentiai drop
which assists the dischﬁrge”of the reactant species from its
initial state to the activated state, i.e.,there is a consequent
decrease in the effective value of the symmetry factor B (whiceh,
in the absence of such adsorbed layers, normally has a value
close to 0,5 for many reactions), so that high Tafel slopes
arise,

All the investigations summarised above were carried

out under galvanostatic conditions, i.e., current was controlled
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as the independent variable in obtaining the current-potential
relations, .
(11) Proposed Mechanisms for the Kolbe Reaction

Numerous early theories were broposed for the mechanisnm
of the XKolbe synthesis; almosﬁ 8ll of them were based on the
anslysis of the end products of the feaction and in some cases
the conclusions were supplemented by electrochemical cone-
siderations based on scanty and electrochemically unsound
experimental evidence with little theoretical analysis, A
brief reviaw of these theories, some of them essentially of
historical interest only, will be presented here. Details
of these theories as well as the criticisms to which they were
subject, have been omltted since full reviews have already been
published (6,18),
(a) The Acyl Peroxide Theory

This was originally proposed by Schall (19) and
subsequently developed by Fichter (20,21). These investigators
proposed the vlew~that.the acetate’ lons were discharged at
the anode, and thé resulting acetoxyl radicals reacted %o
form diacetyl peroxide, which then decomposed to form alkyl
radicals and thence the hydrocarbon. Thelr mechanism mey be
summarised in the following scheme:

CH000™ —— CH,C00" CﬁBCOO
: 200, + Cplg

‘fcoo’é—->c 00° H.,C00
013 HBCO 03
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If this mechanism were valid, it would be expected that dlacetyl

peroxide would be detectable under the normal qonditions of
electrolysls; positive results were obtalned oﬁly under very
speclel experimental conditions (low.temperature and streaming
of the electrolyte) when diaceﬁyl peroxlde was deteeted in
very small amounts (22,23). Even under these circumstances,
it cannot be concluded that dlacetyl peroxide is a true inter-
medlate in the consecutive series of reactions which are
involved and not a side product arising from the rather
speclal conditions used. This, among other observations, is
a major objection to this Lheory.,
(b) Hydrogen Peroxide Theory

Thls theory was proposed by Glasstone and Hiekling,
(7,17,24). According to these authors, in the electrolysis

of aqueous acetate solutions, hydrogen peroxide is first formed

at the anode from adsorbed hydroxyl radicals, The hydrogen
pexroxide thus formed, or thg hydroxyl radicals themselves
prior to their recombihatién in pairs, then react with the
acetate lons to fdrm acetate radicals, These then combine,
possibly with the intermediate formation of diacetyl peroxide,
to yleld ethane and carbon dioxide, according to the scheme:

2CHBCOO- + 20H® ——— ZCHBCOO' + 20H




SETRESRR

oY

2033000" + B0, —> 2033000' + 20H™, followed by:

2CH3000 ——e—n (CHBCOO):2 e CH3-0H3 + 26‘02

Numerous criticisms have been ralsed against this
mechanism, the most serious of them are:
(a) that addition of concentrated hydrogen peroxide to acetate
solutions produces only trace amounts of hydroocarbon (7,24);
(£) that attempts to detect even trace amounts of hydrogen
peroxlide during, and following Kolbe electrolysis have not been
successful (18,25);
(v) trhat this mechanism also fails to account for the fact
that the Xolbe synthesis takes place with high efficiency in
non-aqueous media (2,8,25) where H202 could not be involved.
(¢) The Free Radical Theory

This was originally proposed by Crum-Brown gnd Walker
(26) and supported by Walker and co-workers {1%,27). The
importent steps in tﬂe proposed mechanisms are the direct
electrochemlical éxidatlon of the carboxylate lon and subsequent
decomposition of the radicals formed. The consecutive steps

in the reaction can be written as:
2RCO0™ -3 2RCO0° + 2e

2RCO00®* —>» 2R°*® + 2002

A* + B* = RR
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Although it was not specifically discussed in the
early work on this theory, the presumption must‘be made that
the radlcals RCOO® and B* in the above scheme are specifically,
or chemisorbed, at sites upon the metal electrode surface
acting as an electrocatalyst for the reaction.

Although each of the above proposed mechanisms was
postulated as occurring through several steps, no mention was
made by the authors concerning which step might be rate-
determining nor what current-potential behaviour would
limitingly be assocliated with each step. Such an analysis,
however, has been given by Conway and Dzieciuch (2) in an
attempt to elucidate the rate-determining step for Tafel
reglons of galvanostatic current-potential curves for the
Kolbe reaction.

A number of elegant investigations have been reported
which tend to favour the free radical mechanism for the Kolbe
reaction. Such studles include the work of (o) Clusius and
co-yorkers (28,29,30) who ﬁsed isotoplic tracer techniques;
(f) Wilson and Lippincott (31) who reported kinetic studies
of the anodic oxidation of carboxylic acids by a periodic
polarisation technique; (y) Fleser, Clapp and Daudt (32) who
showed that trinitrotoluene can be methylated in the anode
compartment during an electrolysis of an agueous solution of
acetate; (6) elsq acetylation and acetoxylation of certain

substrates can be achieved (18).




All these investigations, which support the free-
redical mechanism for the Xolbe reaction, have been recently
reviewed (&) and hence do not merit further examinetion here.

Pande and Shukla (11) have also reported investigations
supporting the free~radical theory of the Xolbe reactien,

Cickinson énd Wynne~Jones (3) have made an interesting
study of the Xolbe electrosynthesis on Pt, Ir, and Au in aqueous
acetate solutions; they examined galvanostatic currente
potential behaviour and galvanostatic charging curves wnder
& varlety of experimental conditions. The conclusions of
these authors give further support, with some modifications,
to the free-radical mechanism suggested by Walker and co-
workers.,

The recent investigations of Conway and Dzieciueh

(2,6) involving exemination of intermediastes that might be

free-radical mechanism for the Kolbe reaction,

A critioal assessment of the recent work on thne
electrochemical aspects of the Kolbe reaction (2,3,11,60)
will be presented in Chapter IV of the thesis.

At p s e e
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3« EXPERIMENTAL APPROACHES FOR INVESTIGATING ELECTRODE
PROCESSES

In general, the study of elactrode processes must

usually be conducted complementarily by & number of related

'methods. In the present work on the Kolbe reaction, several

approaches haeve been used which will be deseribed below together

with their respective limitations.
(1) s ~State Current.P Relatic

The classical approaéh for the study of electrode
reactions invelves measurements of current-potential relations, in
which the rate is measured directly in terms of current i as a
function of potential V, In a number of cases, including the Kolbe
reaction examined here, the rate of the réaction must be related
to the current passing by means of experimental studies of
coulombic or Faradaic ylelds of reaction products., In the hydroéen
or oxygen evolutlion reactions, however, this precedure is usually
unecessary, since H2 or 02~are the only chemical products.

Under 11ﬁit1ng conditions of surface coverage (6— 0
or 8—=1) by possible adsorbed reaction intermediates, limiting
values of the Tafel slope 6an be deduced and compared with
experiment and in a number of favourable caées* can be shown
to be characteristic of the reamction mechanisam (33,34).

These current-potentisl relétions can be obtained

under two kinds of experimental conditions:

*There has thus been some tendency to over-emphasise this
approach at the expense of other complementary appreaches,
€s8ey in some of the early work of Bockris and co-workers,
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(a) Galvanostatic, iHere current is controlled as

the independent variable and corresponding.values of

potentlial at glven currents, under steadf¥state

conditlons, are recorded,

(b) Potentiostetic. lere potential is controlled

as the independent variable, and the values of the

current at given controlled potentialas, after the

steady-state hes been established, are recorded,

Coth these methods give identical results for electréde
reactions where only a simple linear Tafel region 1s observed.
In nore complgx cases, where a Tafel reglon follows a well-
defined transition region, e.g., in the Kolbe and other anodic
oxidation reections, the potentiostatic method is to be
preferred as it reveals the detalled structure of the transition
reglon in a way which is not acoessible under galvanostatic
current control. Eence in cases where the transition region

....... P . - &w .
L

interest Lecause of thne possivility of inhibition or

14
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passivation effects, or‘bthef complications due to co~-adsorbed
specles, the potentiostatic method is quite essential for full
interpretation and study of the electrochemical kinetic behaviour
of the reaction, The Kolbe reaction is an example of a complex
system of this type, espebially in aqueous solutions where
application of the potentiostatic method is necessary for elucid-
ation of the kinetic behaviour,

| The necessity of control of electrode potential rather

than the rate (i.e.,current) in organic electrode processes
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has to be emphasised for s varlety of other reasons, Apart
from determining the coverage of some electrodes by adsorbed

H or O containing species (e.g+, in aqueous solutions of
organic salts), potential will also be of importance in
determining the adsorption of the organic reactant itself,

The adsorption will depend on the electrode potential in
relation to the potential of zero charge, It has not been
widely appreciated in work on organie electrochemical reactlons,
that adsorption on the working electrode (determined, of course,
by the potential of the latter in relation to that of zero
charge) is one of the two most lmportant single factofs which
distinguish electrode processes from other heterogeneous processes
(the second factor is the potential-depéndent free energy of
activation), Again, effects of electrode potential are often
highly specific. In the reduction of nitro-benzene, for
example, various steps are possible and their occurrence is

sensitive to the electrode potential; thus in the schenme

CgHgNO, 28 o C4H NO —£8 C gH N LOH 2L CgHNH,
the effective terminal stage depends on the reduction potential
and the nature of the electrode metal, This reaction has

recently been studied potentiostatically by Wynne-Jones and

co-workers (35),
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The basic kinetio equation relating current density
and electrode potential (measured either galvanqstatically or
potentiostatically) for a reaction proceeding at a metal/

solutlon interface is given by
1,515 (1-8) exp -[an2F/RT]) = 1, exp -[en@F/RT] (1)

where 1a is the anodic current density, io the exchange current
density, that is the current at 1 = 0, and 13 the exchange
current corrected for coverage*, M s the overpotential defined
by = E =L,y where E,. 18 the vaelue of the metal-sclution
potential E when the reaction at the metal-solution interface
is at thermodynamic equilibrium; a is the transfer coefficient
determining the dependence of rate upon potentiel and is a
parameter the magnitude of which depends upon the mechanism of
the reaction and the extent of coverage of the electrode by
adsorbed reaction intermediates; 6 is the fraction of the
electrode surface covered with intermediates produced in the
lonlc discharge (and subsequent) reactionsy; 2Z 1is the number
of electrons involved in the discharge step and will be assumed
to be equal to one; the remaining terms have thelr usual

significance (36,37).

*Here the expression for the current is written in such a way
as to include a coverage term (1-8) which may or may not be
potential dependent, This expression and the corresponding
definition of 1§ differ from that usually used (viz. lg=ig exp"

~L aqF/BT]) which includes the coverage term in 1,5, This expression

L1], suggested by Devanathan and Selvaretnam (352), is to be
preferred on account of its greater generality,

JE
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The Tafel parameters i, end RT/aF (or b) are readily
evaluated from experimental Jogarithmic current~§otent1al
curves 1f the reversible potentisl for the reacéion can be
established experimentally or caleuleted from appropriate
experimental data, The erxperimentally determined values of
b, for limitingly 1ow‘or high coverage of the surface by
posslble intermediates, can be characteristic of the reaction
mechanism (33,34,37). The degree of coverage & can be
estimated from galvanostatic charging or discharging data
(38-41) when 5 is significant (esgey8>0.1), L.e. when the
rate~determining step 1s not the initial ionic diacharge
reaétion, or else the coverage is determined by some other
process, e.g., surface oxide formation (see below),

The applicabllity of the galvanostatic or potentio-
static d.c, polarisation studies for the determination of the
Tafel slope b, and hence the transfer coefficient ¢, is,
however, 1imited to ranges of surrent density where erToms due
to solution resistance, local heating effects, diffusion
control, etc., can be minimized, In practice, this means that
the upper limit of the current density for reactant concentrations
expressed as normality ¥ is 1max. = 0.1H, A more fundamental
difficulty arises when the surface condition of the electrode
changes with time on account of the formation of surface films,
This 1is particularly lmportant in anodic processes where the

degree of surface oxidation of the electrode may have a direct
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bearing on the reaction mechanism and the relation between
electrode potential and current density (43),
(11) HNon-Steady-State Measurements

A variety of non-steady~state measurenents, which
yields information oh the nature of adsorbed 1ntermediateé,
has been used in the study of electrode processes, The
results obtained by the non-steady-state techniques may be
used in a complementary way to those obtained by steady-state
current-potential curves for interpreting the mechanisms of
electrode reactions. The various non-steady-state ﬁechnlques
used in the present investization are described below,

(a)

This procedure consists of subjecting the electrode
to a repetitive “"triangular" or single "ramp® voltage-time
sweep usually by feeding a reference signal of this form
intoc a potentlostat and observing by mesans of an oscllloscope,
the time~ and hence potential-dependent current whléh paases
during the voltage sweep, The eurrents which are measured
are composite and contain components due to non-Farsdaic,
(double-layer charging), pseudo~Faradalc [& term which it is
convenlent to use to refer to currents arising from charging
or discharging adsorption capacitances.assoclated with
potential-dependence of coverage by adsorbed intermediates in
the reactions (40,5#,55,56)], and Faradalic currents vassing

during the voltage sweep. If any processes are diffusion
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controlled®*, further complications arise; diffusion controlled
brocesses can be distinguished from activation controlled
ones by plotting the peak current density in the sweep ¥s.
[dV/dt]%, when a straight ling rassing through the origin
indicates a dlffusionlcontrolled process, This criterion
1s, of course, useful when one of the two types of reactions
has a predominantly higher rate; when both diffusion controlled
and activation controlled reactions are of comparable rates,
only complex results are obtained. The technique 1s thus a
kind of polarographic sweep method except that in most
applications which have been recently made (45), the surface
charging processes observed are not usually diffusion controlled,
The transient currents which prass during the sweep are dete
ermined in part by a quantity Cadsdq/at and it is the quantity
dn/dt taking periodically positive and negative constant
values which can be varied in this technique from run to rUn,
Here, Cads is the pseu@o-capacitance associated with the
adsorbed specles on the electrode andg dq/&t is the rate of
change of the potential or overpotential of the electrode.
The transient currents which pass in various potential reglons
of the sweep may be integrated with respect to time to give
approximate estimates of the charge assqciated with formation

or removal of the intermediates, except at potentials where o

*The development of this method was first made for diffusion..
controlled reactions in polarography and the theory was worked
out by Seveik (44), For most of the recent applications, how-
ever, his treatment will not be appllecable,




net overall (or real Faradaic) reaction begins to be pre-
dominant or if diffusion effects are significant, Since the
adsorption pseudo=-capacitance usually varies with the rate at
which 1t 1s measured due to non-equilibrium effects, the potential
sweep method can 31Ve.capacitances assoclated with oxidation

or reduction peaks which depend on the sweep rate (46),

The current peaks determined by Cadsdn/ﬁt will thus not neces-
sarlly be proportional to dn/dt in Sweeps taken at various

rates, Also, Af with increasing potential in a sSweep, a
potential region is passed through in which the capacitance

has a maxiaum value, the transitory current-time relation will
exhlbit & maximum, This will not generslly be distinguishable
from current maxime which arise for kinetically different
reasons in passivation or inhibition processes, In sucheases,
however, the current maxima will also be observed in very slow
(L.e. steady-state) potentiostatic scenning and will be connected
with the steady-state kinetlcs of the overall Faredaic process
(62); in the other type of case, current maxima arise from a
pseudo~Faradalc process and have & different origin, Previously,
little critical distinction has been made with regard to the
effects that can arise in applications of this method,

However, for an electrochemical adsorptiqn peak where the
currents are pseudo~-Faradaic, the ~r1dt area under the peak,

proportional to the charge passed in forming or removing a

Bttt
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layer of adsorbed intermediates, should ideally be independent
of sweep rate, _

- The method has, however, the advantage of providing a
rapld technique for observing the quaiitatlve features of
complex reactions but it must be pointed out that rather
little quantitative information can ét present be deduced
since the method lacks any firm theoretical foundation as
applied to successive non-diffusion controlled processes,
From the point of view of electrochemical kinetics, the
method is somewhat difficult to develop quantitatively for
successive reactions, since the electrode process takes place
under conditions where neither steady current nor steady-
state kinetlcs apply and potentials are time dependent,

Will and Knorr (42) were the first workers to epply
the potentiodynamic methed to a simple charging reaction,
They studied the hydrogen lonisation reaction in some detalil .
by this method and experimentally examined the dependence of
the potential of the cﬁrrent maximum and of current itself on
av/dt. This reaétion, however, 1s a relatively reversible
one and hence the problems involved here in the interpretation
of results are not quite as complex as in some orgenic
oxidations,e.gs, the Kolbe reaction or formate oxidation.

Recently, Conway, Gileadi, and Kozlowska (46) have

developed the essential non-steady state theory of this method.

However, the equations deduced by them are difficult to test
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experimentally without simplyfying them by resorting to
approximations; even then the experimental data can be
tested only in a semi-guantitative way.

4 typilcal potentiodynamic profile is shown schematically

in flz.. 1 for Pt in Rzécu.» In this profile, a potentiodynamic

" sweep scanning the range of potential between that for the

process of hydrogen evolution {cathodic potential) and that
for oxygen evelution (anodic potential) has been represented.:
At the extreme cathodice potential side in this profile is a
Faradalc current~potential relation for the Hz evolution
reaction,  lLhen the potentisl of the electrode 1s made
gradually more anodic, two small pseudo-Faradalc current peaks
for the ionisation of adsorbed H are observed in the potential
reglon somewhsat ancdic to the potential of the reversible
hydrogen electrode, These two peaks are followed by a non-
Faradsic double~layer charging region which in turn 1s followed
by an extended pseudo~raradaic current peak for oxide formation
at more ancdic potentiais. This oxide formation peak is
followed at still ﬁore anodic potentials by a region for
Faradaic oxygen evolution, -

After reaching the extreme anodic end of the sweep,
the potentlal bias is reversed 1n direction resulting in a
gradual decrease in anodie potential (1.5., & gradual relative
increase in cathodlc potential) of the electrode. The first

principal peak encountered in this reversed-bilas condition im
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Schematic representation of potentiodynamie

current-potentizal profile for the‘Pf/stou system,
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the one for the pseudo-Faradalc process of reduction of oxide
formed previously on the electrode when its potential was
Increasing anodically. After the oxide 1s completely reduced,
there follows another non=-faradaic double-leyer (dis-) charging

reglon (cathodic) on the bare electrode, At still less anodic

(or more cathodic) poﬁentials, two small pseudo~-Faradaic current

peaks for H etom deposition are observed, beyond which on the
more cathodlc side of the reversible hydrogen potential, a
reglon associated with the Faradalc process of hydrogen
evolution arises, In an ideal case, as shown schematically
in thils profile, potentiodynamic scanning reveals quité‘clearly
the reglons associated with non-Faradaic, Faradaic, and
pseudo-Faradalc processes, both anodic and cathodlec, which can
occur on the electrode. It wlll also be noted that in Fig, 1
the potential range for oxide reduction is displaced to more
cathodlc potentials than that for formation of the oxide at

Pt in the anodic d;rection of the potentlal sweep. This
phenomenon which has been observed by many workers, is

baslc to the understanding of the hysteresis exhibited in the
kinetics of anodic oxidatidn at Pt for changes of potential

in anodic and cathodic directions.

(b) Open-Circuit e.m,f, Decay

In the present investigation, information on the
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nature of adsorbed intermediates has also been obtained by
evaluating pseudo-capacity from the rate of decay of potential
of the working electrode on open-circuit following steadye
state polarization, In this case, the potential of the electrode
is allowed to change b& a self-discharge process without
external control of potential or current. Thus the rate of
decay of overpotential will be a function of time, but will
always be determined by the lntrinsic electrochemical time
constant RC of the reaction comprised of an equivalent capacitor
and a resistor in parallel (47)., The current density filawing
internally in the system at any potentlal will usually be
equal to the steady-state current density measured at the same
potential (48). It is assumed that the electrode reaction is
studied in the potential range where the initial ion discharge
step can effectively be reparded as being at quasie~equilibrium, '
and the pscudo-capacity obtained by any method based on open-
circuit decay of potential will thus represent the trﬁe
equilibriun value;:

The essential calculations involved in this method
proceed as follows, e.g., fOr an anodic process.

Let the capaclitance involved be C where C may be a
function of 7. On interruption of a current i, the initial

polarising current, the electrode précess continues on open~
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circuit through ion discharge across the double-layer capacity*
by the same mechanism as when steady current was vassing, if
& simple discharge step is ococurring at a non-ideally polarigable

electrode, That is, for an . anodic process,

(d9/dt)° = oC,(dn/at)® = 1° = i, exp /v (3)
where the superseript ° indicates initial conditions and the
negative sign is included since dn/at is negative for an opene

circuit anodic process (1 positive), 1If C, has a constant

value C, rearrangement of equation (3) gives for any potential

expl-n/bledy = =2 at (%)
at any time t. Integration gives
-t ¢ -1
-bexply/p] = L= 11 = R(t+a) (5)

where I and J are integration constants (J = -IC/io). Taking

*However, in cases where a bseudo=caranity asessistad with
adsorption of intermediates is involved, and when the iontc
double=~leyer capacity is much smaller than the pseudo-capeacity,
the process occurring on open-circuit decay is not sinply ion-
discherge across: the dotble~layer capacitance as in the treatment
of Butler and Armstrong (41)., The process occurring in such a
case must be the electrochemical removal of the adsorbed film by
& process involving mixed anodie and cathodic self-discharge
reactions, as discussed previously (59), For exemple, for
removal of an adsorbed species X electrochenically on open-~
circult, the steps

e + M\ — ¥ + X~ (cathodic)
and M+ X" +e— ¥+ X, (anodiec) must ocecur,

or
2 ————4»x2 by a heterogeneous chemiocal step.
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logarithms,

i, i,
/b = Ingg (¢t +J) =1ngg + 1n (& +J) (6)

l.e., -dq/din (t + J) = b (7)

so that the e.m.f. decﬁy slope is numerically the same as
the Tafel slope assumed in equation (3). When t = o,
N = no and 1 = 19 (the initial current), so that using
equation (5), .
J = Cb/1° ‘ (8)

Exoept at short times J K t, so that dq/d In t = -b; evaluation
of J for known 1° and b will give C. |

If C is an adsorption pseudo-capacity, 1t may vary
limitingly as C, exp -1/b! or C_ exp7/b' for high and low
anodic overpotentials, respectively, where Co is a constant.

Introduction into equation (4) gives

exp [-/b]a = = exp [kn/b'].at : (9)
e

respectively, for the two éases of variation of C with 4 stated

above, Then

i -1
exp - [£+2,].aq= &2 at (10)
o
and dn/din (t + J) is given after integration by
dq/dln (t + J) = 1/(% x -15,) : (11)
and
= S ,1 . L

rnaad maath



The e.m.f. decay slope will hence be greater or less
than the Tafel slope depending on the sign of the argument
1, in the limiting relations of the capae;ty to potential.
For an anodic process, the.e.m.f. decay slope will be
numerically less than the Tafel slope when Cn is increasing
with decreasing potential (6 > 0.5), and vice verse when C, 1s
decreasing with decreasing potential (© < 0.5)s The e,m.f. decay
method 1s hence valuable in giving the direction of capaclty
dependence on potentisl over a range of potentials (4a) and hence
in determining indirectly Af the coverage by electrochemically
active intermediates is small ( < 0.5) or large (—1).

The actual capacity as a complete function of potential
can be calculated by a variation of the above method., Quite
generally, at all potentials, {gof. eguation 3)

C (an/at) = 1, expn/b = 4, (13)

and if the seme Tafel parameters i, and b apply during e.m.f.

decay as during polarisation
¢ =4,/ (an/at) (1%)

gso that C, can be obtalned at all potentials, and integration
of C w.r.t.‘q then can give the change of charge and assocliated
coverage over the range of potentia;s through which the
integration has been carried out. In a number of anodic

processes, as in the case of the Kolbe resction in agueous




medium, there is a hysteresis between ascending and descending
current-potential relations and in the open-circuit decay, the
self-discharge current will generally tend to be related to
potential in e wvay analogous‘to that on the descending current
potential relation taken potentiostatically; In anhydrous
systems, the hysteresis is much diminished or eliminated
altogether, as will be discussed below, suggesting that it is
assoclated with the formation of oxide films when water is
present, The e.m.f. decay method is then less ambiguously
related to the current-potential relation.

(¢) Galvanostatie Charginzx Method

The galvanostatic charging method originated in studles
of the double-layer capacitance by Bowden and Rideal (50)
and was extended by Frumkin and co-workers, particularly for
studies of H adsorption (51), It has been developed in
specialised ways by various other workers (52,53).

The charge‘q paésed as a function of the electrode
potential attained gives thé coverage © as a function of
potential since q is proportional to © through a constant k¢
where k' is the charge required to produce complete coverage
(6 = 1) of the intermediate, If the charging process occurs
at potentials asbove the reversible-poﬁential for the overall

reaction ocourring, then the total current passing is made up-
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of a non-Faradalc current (i.e., one not involving electron
transfer) associated with charging of the doubié-layer, and a
Faradalc current involving two components: (a) the current
associated with discharge of ions to form intermediates, the
coverage by which is changing with potential (and hence time
in the non-steady-staé@, and (b) the current assoclated with
the rate of the overall process., Usually the latter current

is only significant towards the end of the transient at high

overpotentials. The equation for the time-dependeht potential

at constant totél current 1T is formally

1p = Cq.1., d0/dt + Cpy dn/dt + 1 exp [q/b] (15)

The middle term (the pseudo-Faradaic current) associated with
Faradaic charging is determined by the adsorption capacltance
Cads which itself will usually be a function of potential,

In the range of potentials over which adsorption by
Intermediates is appregiable, Cads»'cd.l. and iffL is.nqt too
large (io equ/b<K§T), ip is determined largely by Cods an/dt
and the charge passed is .fdet over the relevent duration of
charging, Since Cadsdn is dq, (the charge associated with
changing the coverage by d8) the capacitance is determined by
the slope (at/aq)iT. Since such a slope is graphically
difficult to determine with satisfactory precision from oscil-
loscope photos, a more direct method is desirable and has been

recently developed by Kozlowska and Conway (52). It is
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described below since it has been used extensiveiy in the
present work, h

In this method, both the charging curve and its time-
differential coefficient are simultaneously Trecorded by means
of a dusl beau oscilloscope. The differential curve gives
directly a quantity which is the reclprocal of the capacitance
as a function of potential, It has bhe advantage of giving
the detalled form of the potential-dependence of the capacitance
associated with the charging process and can indicate the
presence of two or more intermediates on the surface in more
complex reactions, e.g., in the‘formate oxldation reaction.
From the charging curves themselves, which often show only
some ill-defined inflections, it is usually difficult to deduce
capacitance at all accurately by taking tengents. The
differnantial method gives greatly lmproved resolution of the
TEing Tsgion and has theoretical advantages over the
potentiodymanic method'sincé steady current kinetics apply.

It has been found (46) that the capacitance values
calculated by the galvenostatic charging method sometimes
depend on the current density used 4in the charging transient,
Dolin end Ershler (61) and Conway, Gileadl and Kozlowska (46)
have @iscussed this point, The latter authors have developed

2 non-steady-state kinetie theory of charging, which is
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discussed briefly below since the considerations mede are
relevant to the discussion of the present experimental results,
A galvanostatic charging curve corresponds to a steady~-

current condition but not to a chemical steadv-state condition,

since the total charging current i is mede up of coirponents

ic, the capacitative t*Le charging current, and any Faradaic
current iF‘ The situation in hydrogen evolution nay be
considered but depends on the nature of the consecutive reaction
mechanisn involved, i.e., whether or not the desorption step
(e.24y In hydrogen evolution) proceeds by a chemlcal atonm
recombination step or by an electrochenical atom-ion dischgrge
step. In the former case, all the current paesses through

the reactlion resistance of the dlscharge step since the
desorption is non~electrochemical: in the latter case, pars

of the current is involved in electrochemical removal of the
intermediate, 2.g£., adsorbed I, end part in formation of H,

The equivalent circuits are hence somewhat different (Fig. 2a
and 2b) and a speclal symbol 1is raquired (see Fig, 2b) for

the reaction resistance for the electrochemical aton-ion de=-
sorption type of step. The electrons and ut lons arisinz from
the metal and solutlon, respectively, are discharzed from the
lonic double-layer capacitance while charge corresponding to
{the producticn of) # atoms is withdramn from the edsorption

pseudo-capacitance. o representation alternative to the
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Flgure 2

(a) Complete equivalent circuit for initial discharge step
followed by a non-electrochemical desorption (charging

process non-ohmic),

(b) Complete equivalent cireuit for initial discharge step
Tollowed by en electrochemical (e.z., atom + ion) desorpticn

step.
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dual channel symbol shown in Fig. 2b is possible for the
electrochemical desorption type of process without 'ghorte
cireults" bheing involved. The general electrochemical reaction

sequence for, say, an asnodic peaotion is
b1+A'—_;r4A+e - (1)
MA + AT ————;> M+ Aa + e (11)
The steedy current condition (see Fig. 2b) is

1=14 +1, _ (16)
and 3 =1 -1 =1, 4 1, - an
where 1c is the net charging current for the pseudo-capacitor C,

In the steady state, 1 = 21, (1,—=0); i, is the
leakage current from the pseudo-capacity associated with
desorptlion of adsorbed A by step II and is also the.electron
+ ion leakage current across the ionic double~layer capacity
C4,7, BE800iated with sep II, {im regard to the charge
transfer involved), |

If 6 1s the coverage by A at a metal-solution potential

difference V, the steady-current condition under Langmulir

conditions (gf., 54) gives, in abbreviated form*

*Here the symmetry factor for step I and its reverse, and II
are, for convenience, assumed equal to 0.5 so that all the b
terms are the same. Alsc the lonic Aouble~layer charging
current Cy q  (dV/dt) has been included in eq. (18), This
part of i is generally negligible in potentisl regions where
the adsorption pseudo-capacitance is appreclable, which is the
condition considered here.
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L=y (1-8)e"/P o 6 e™V/0 k,6 /P + ¢, | (av/at) (18)

which gives ¢ as v/b
k., e - 1
¢ = v/ﬁ“; —75 /5 (19)

neglecting the Cd 1. ferms.

In equations (18) and (19), the k terms ere the
indicated "rate constants" which include for brevity of
representation also the ion cencentration texns allowing for
double~layer ion dlstribution effects, For the purpose of the
present calculations, it will not be necessary to specify the
k terms or the potential quantity V in wore detail,

Calculating the pseudo-capacity, we obtain

T 2k k_y /b xafx 1e’V/b glgv/ +k, V/5
Lklev/b+k le'J/E;kzev7%]2 [x ev/b-l-k_le'V/b k evlbjz
(20)
The torm in rabte constants snd V is separated Trom that

involving current i since it 1s seen (cf. 54«56) that the first
term becomes the equilibrium pseudo-capacitance for A as a
function of V vhen kg4, k_,. 3 k, (quasi~equilibrium conditions).
For the latter condition then, C differs from its equllibrium
velue (55) by & kinetic term involving the measured rate i

of the galvanostatic pulse; (note: this is limitingly only

the rate of surface charging when the potential range corresponds

to negiigible net overall reaction).
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Equation (20) can be used for predicting theoretically
the behaviour of C w.r.t. V for a range of 1 values under the
usual "quasieequllibrium® assumptioh, i.24y kl, k_lt»- kz'
Such behaviour has been predicted and compared with the
experimental results for & number of cases by Conway, Gileadi
and Kozlowska (46), énd the comparison has been found to be
satisfactory.

(11i) Characterisation of Kolbe Products
The identity of the gaseouzs products formed during

the Kolbe electrosynthesis was established by means of vapour
phase chromatography. Further detalls are given in Chapter
II which follows,
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CHAPTER II

EXPERIMENTAL

L~

l. INTRODUCTION

The experimental procedures used in the present work
have consisted of:

(1) Steady~sta§e, potentiostatic, current-potential
measurements,

(11) XNon-steady state, potentiodynamic, current-potential
measurements, _

(111) Studies on the role of intermediates and surface
oxides, through the use of direct and differential galvano-
static charging curves,

(iv) Open=-circuit decay studies from potentiostatically
maintained potentlals of polarised electrodes,

(v) VYapour phase chromatographic characterisation of the .
Kolbe products,

(vi) Exploration of suitahle conditicng for coulombice
yield studles, ‘

In this chapter, these procedures will be described in
detall but a general account of essential experimental technique
for solution and gas purification, electrode preparation, cell
design etc, will first be given. The experimental methods to
be described have been applied to the CQFG Kolbe reaction with
trifluoroscetate in (a) anhydrous trifluorocacetic acid (TFA);

(b) in TFA containing traces of water and (c) in TFA containing -

Y e e e et e e e
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30% by volume of water. Alsovacetate solutions in (a)
glacial acetlic acid and (b) water acidified by -acetic acid,
have been studied with regard to the»Czﬁs Kolbe reaction.

2. SOLUTIONS

(1) Standard Purification Technigues

(a) Trifluorcacetic Acid
Trifluoroacetic acld {(b.p. 70-72°C) was kept over boric

anhydride with constant stirring for about two dayse. The
mlxture was then refluxed over a guantity of fresh boric

anhydride for two to thmpee hours and distilled. The .distillation
was repeated egain over a further fresh gquantity of borie
enhydride just before the experiment was carried out. Only

the fraction distilling at 71.1 * 0.1°C (760 mm.) wes used in

the experiments,

(b) Potassium Trifluoroacetate

assium trifl ﬁcraaceuaue was prepared by neutralizing
previously purified trifluoroacetic acid with potassium
hydroxide (analytical grade). The salt was then recrystallised
twilce from conductivity water, Since the salt is extremely
soluble in water, freshly re-distilled, spectroscopically pure
dloxane was used to precipltate out the salt from its agueous
solution, The salt was dried under vécuum at about 100°C

for 24 hours and then stored in tightly~capped bottles; it

was redried under vacuum before use in each experiment,
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(c) Acetic Apid

Analytical grade glaciel acetic acld was refluxed with
2=5% (by wéight) of KMnO, for 2-6 hours in order to remove
tracea of acetaldehyde and other oxidizable contaminants and
was then distilled. The fraction boiling at 117°-118°
(760 ﬁm.) was collected. Traces of water were removed with
triacetylborate which reacts with water to form acetic acid
and boric acid (insoluble). The reagent was prepared by
warming 1 part of boric acid with 5 parts (by welght) of ree
distilled acetic anhydride to 60°C; on cooling, triacetyl
borate separated out and was removed by filtration. ﬁhe
distilled and purified acetlic acld was then treated with 2=3
times the amount of triacetyl borate estimated to be required
for reection with the water present, and enhydrous acetic scid
was obtained by further distilliation, This purification
procedure was carried out just before the electrochemical
experiment was commenced,

(d) Potassium Acétate

The purest commercially available potassium acetate
was crystallised and recryétaliised from conductivity water
and was dried under vacuum at 100°C for 24 hours,

(e} Trifluoroacetic Anhydride

The purest commercially avaiiable trifluorocacetic
anhydride was distilled and then redistilled using a semi-
micro distillation apparatus with an effective fractionating

column, and the middle fraction distilling at 45°C was collected,

et
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This procedure was also carried out, as required, Just before
the experiment was commenced, h
(11) Preperation of Solutions

Solutions of potassium trifiuoroscetate were prepared
by drying a welghed amount of salt under vacuum for 24 hours
at 100°c, The acid was re-distilled from a fresh quantity of
boric anhydride and transferred by pressure of nitrogen,
without contact with the atumosphere, to a imown welght of ﬁhe
salt to give the concentration desired. This soldtloh wes
regarded as "pure" but might still hafe contained microscopic
traces of water initially or might have beccme cohtaminated
with water vapour by Jiffusion from the atmosphere into the
cell and other glass vessels in the first few hours of the
experiment (despite the elaborate precautions described below),

In order to obtain very anhydrous conditions in certain runs,

W

eses than 1 purified trifiuoroacetic anhydride was amadded
to the solution which waé stirred by means of a dry purified
inert gas, 002 (which 1tse1f was pre-saturated with solvent

vapour by bubbling through a pre-saturator containing the sanme

solvent as the one in the solution under study in the electrolysis

cell); this technique was adopted in order to prevent loss
of solvent from the test electrode compartment, In several
runs, an acldic aqueous medium was desired which was obtained.
by 1ﬁject1ng into the cell 30% by volume of a previously

prepared solution of potassium trifluoroacetate in water,

s
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After preparing the very anhydrous solutions, it was
necessary to keep them anhydrous for a few hours, 1,e.,
atmospheric molsture had to be prevented from diffusing into
the cell during these few hours or in some cases, even a day,
This was accomplished as follows.

Direct contacé between the electrolytic solution and
the atmosphere was prevented by use of drying tubes on the gas
outlets from all compartments of the cell. Thls prevented
macrogscopic diffusion of moisture into the cell from direct
openings but not the nicroscopic diffusion from the solntion-
Joints, and well-mated "tru-~bore" tubings (a modification of
the standard joints) which constituted the structure of the
cell. Such diffusion could oceur since these joints and tubes
were not greased in order to avold obvious contamination of
the solution, The prevention of this microscopic diffusion of
moisture from the atmosphere into the test electrode compartment:
of the cell was accomplished by placing the cell in a box which
was reasonably aif-tight. In this box were placed two large
Dewar flasks filled with 1iqu1d nitrogen, In the mouth of
each of these flasks was suspended a heater (100 watt bulb)
which produced a slow but continuous evaporation of liquid
nitrogen and this gave an envelope of absclutely dry inert
gas around the cell.

“Solutions 6f potassium acetate in acetic acld were

prepared in a similar way except that Yery anhydrous conditions,

as were required in several runs, could not be achieved sinmply

Y VTR e e e e e
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by edding less than 1% acetic anhydride to solutions in pure
acetic acid since acetic anhydride reacts only rather.slowly
with water ai the temperature of the experiments (ZSQC);

in contrast, trifluorcacetic anhydride reacts relatively
rapldly with treces of water present in TFA. - To achieve

very anhydrous conditions in the acetic acld system, & somewhat

sluplified cell (referred to as the "vacuum" cell from here

onwards) was designed in which the drying of the salt, purification

of acetic acid and preparation of solution were a1l carried out
under vacuum in a closed, continuous systen. After the
preparatlion of the solution, dry nitrogen was admitted‘through
a three-way stopcock in the otherwise completely closed cell.
The prescnce of dry nitrogen prevented any possibility of
atmospheric moisture leaking into the cell through the
development of streaks ete. in the standard joint grease (this
simplified cell was designed in such a way ss to permit the uée
of grease on the standerd joints) when the cell was held under
vacuum (with no céntinuous evacuation ) for an extended length
of time. All greased Joints and the one stopcock were well
outside the region where the solution was distilled and prepared
and an internsl magnetically controlled dry glass valve was
provided for controlling the double distillation and drying

procedure {see Fig, 4).

g
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3. GASES

(1)  Hydromen

' Hydrogen was rigorously purified beforehuse. The
purlfication train was similaxr to that previously described
(2,6). The train consisted of (a) a dried molecular sieve
material (Linde Co., type 13X), (b) calcium' chloride
(c) magnesium perchlorate, (d) hopealite, (e) pelladised
asbestos at 400%, (r) copner turnings at b50°C, (g) two
liquid nitrogen traps and (h) two charcoal traps maintained
at liquid nitrogen temperatﬁres.

(11) "Cerbon Dioxide ‘

liedical grade carbon dioxide free from hydrogen

sulphide, carbon monoxide and sulphur dioxide was passed over
melecular sieve (type 13%) material to remove any possibile
molsture present in it,

(113) Oitrogen

Hitrogen gag wag purified br pessing the gas through

[«
a train identical with that described previously for the

purification of hydrogen.

4, ELECTRODES

Electrodes were prepared by a standardised method to
ensure reproducibility of measurements, The electrodes were
prepared from spectroscopically pure‘wires of platinum end gold,
The wire was first:cleaned by washing for twenty four hours

in benzene under reflux, The wire electrode was then heated

R —
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for 2«5 minutes in a stream of pure dry hydrogén at temperatures
Just below the softening temperature of the py}ex glass, It

was subsequently sealed under hydrogen in a glass bulb, following
the procedure described by Bockris, Conway and Mehl (57).

The sealed electrodeg were maintained in the cell in the glass
bulbs until commencenment of each run, when they were successively
broken, as required, with the desired potential initially

applied before breakage.

5. CELLS
(1) Polarisation Cell
The cell used for all potentiodynamic and potentiostatic
polarisation atudies, except those under "vacuum", consisted of
three all-glass (Pyrex) compartments which were separated from .
each other by "solution-sealed® stopcocks, The anode and
reference electrode compartments were provided with cooling
colls, provisien being made in each compartment to allow the
appropriate gas to be bubbled through the solution, The cell
ls shown schematically in Fig. 3a) (and in the photograph, Fig,
3b) in which A, Cy, and B are the anode, cathode and reference
compartments, respectively.
(11) “Vacuum" Cell
This was made of Pyrex gless and consisted of a vessel
of small volume with three arms connected to 1it, Each of

these arms carried one of the three electrodes, the working,
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Fipure

(a) Schematic diagram of the polarisation cell.,

(b} Photograph of the polarisation cell.
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tho comnter and the reference zloctrode, 8ll being acoomnodated
on suitable standard jointm. This portion, essontially the
electrolytic cell, was seﬂled_ﬁirectly to two distillation
Tflasks in series, snd then %o & vacuun line and %o a souree
of dry nitroren by means of a threeeway stopecock. After
Aistillinge the acig ffcm the flrgt flask to the second, the
flrat flash could be closed off from the systen by lettins a
dry standardejointed stopper fall in a receptor joint by
manipulation of an clectiromarast. The eell iz shown in
Flpe &,
(21%) Lo or C n % dun

This was gimiler to the polarisation cell deseribed in
{1) above oxcept that the dead volume above the solution in
the working clectrode compartment (1.e. the sncde compertment)
¥as vory osmalle Alaog, the anode compartuent carried a speeinl
"head" which lod a larpe electrode into the compartuent on |
one aide anl could be conncoted to 8 gas-colleoting trap
cooled In lignid éir on the other side. The ecell i1s shown

schematically in I'ige 5.

e SOLURILITY APPARATUS (FOR ?g?élﬁ TFA})

This apparatus wag fabricated out of four rlasgs buldbs,

2 burette, a stopcock and sonme tygon tubing, and iz shown in

Tips £, It was posaible, by aeppropriate manipulation of the




Firure 4

Photograph of the "vacuum" cell.
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Fipure §

Cell for collection of Kolte products,
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Pigure 6

Apparatus for gas solubillty umeasurement,
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stopcock and the mercury levels in the two bulbs, to introduce
a known volume of TFA and 02F6 and determine approximately
the equillibrium dissolution of 02F6 in TFA at room temperature

and under atmogpheric pressure.

7. BEFERENCE ELECTRODES

(1) Hydrogen Reference Llectrodes

(a) Prevaration

Hydrogen reference electrodes were prepared by
cleaning Pt electrodes in chromic acid solution followed by
thorough'washing in conductivity water, Two such electrodes
were then suspended in a platinizing soclution containing three
grams of platinic chloride in one hundred millilitres of
conductivity water and were connected to a reversing switch
end d.c. power supply. The current was adjusted to approx-
imately 5 mé, crn"'2 so that there was only a moderatg evolution
of gas (I, and Cl,); the direction of the current was
reversed every minute'by en automatic switching device. The
current was allowéd to pass-until a moderately thick coating
of platinum was obtained.,  The coating was greylsh-black and
velvety in sppearance. The electrodes were then washed
repeatedly with water and kept in distilled water until

regquired for use, When non-aqueous s&stems were studled,

the electrodes were soaked in the appropriate solution for at -
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least 24 hours, the solution being changed at least three

times during this period of time,

(b) Reproducibility and Verification of Reversibility

Before commencement of the measurements, the potential

of the hydrogen electrode used was.compared‘wlth that of another
hydrogen electrode;‘ Af the potentials were in agreement to
within one millivolt, the measurements on the test electrode
were carried out, If the comparison was aot satisfactory or

if the potentials approached the equilibrium value only slowly,
the electrodes were removed and a new set of hydrogen electrodes
was preparsd before any measurements were attempted.:

Electredes which are not behaving reverslbly rarely give

ldentlcal potentlals nor do they give steady, time-independent
values of potential. Hydrogen electrodes are known (58) to
behave.satisfactorily in non-aqueous solvents of the kind used
in the present work and they gave no problems in the systems
studied.. . - 2
(11) Palladium Heference Electrode

This electrode was specially prepared for the "vacuunm"
runs where the hydrogen feference electrode could not be used
since the cell was a closed system with no inlets or outlets
for the gases. A large (& cm.z). clean palladium foil was
saturated with hydrogen by mmking it a cathode in the electrolysis i
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of pure glacial acetic acid, throuzh whiech 2 mA, current was
passed for about siz days, This was to ensurg a slow
evolution of hydrogen on the palledium cathode and the ultimate
seturation of this cathode by atomic hydrogen sbsorbed into
the interior of the pélladium folil, This eleotrode was then
dipped in 2 solution of the same composition as the soclution
to be usod for the run (1% CH3COOK in CHSCOOH) in which it
showed erratic potentials (ageinst a glass electrode) for
about the Tirst twelve hours,aftor which a atable potential
(# & umV) wes ohtalned for the next twelve hours or so. It
was during thlis period of attrirment of s stable potential
thet the electrode was used in the experiments, After the
experiment, the cell was hroXen open and the potsntial of the
Pd electrode was measured immediately aralnst a standard
hrdrogen clectrode introduced in the same solution Tor

purposes of calivration,

8. ELECTBUCHTHICAL FEASURENMLNTS AND SLECTRICAL CIRCUITS

(1) Potentiostatic Polarjisation Circuit

The polarisation circult consisted of & Wenking potentio-

stat for controlled potential polarisations, and the usual
neasuring instruments, 1.e,, an ammeter ( Sensitive Research
nicro-nilliammeter, liodel 5) and a potentiometer (Hadiometer
Zodel PEM-!tb, input ciroult impedance =% 1013 ohms), The

polarising cirecult is shown in Flg. 7.
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Figure 7

Potentlostatic polarisation circuit,
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(11) Potentiodymanic circuit

Thls was a modifilcation of the polarisation circuit
described in 8(i) above, iere the reférence input to the
potentliostat was blased by feeding into it, at appropriste
sockets, an output from a triangular sweep generator (Servomex
Waveform Generator, Type L.Fe 141) which was arranged to
generate & constant, pre-determined av/ast, The magnitude
of the sweep signal wes checked by measurement on a potentio-
meter with the generator in a marual ramp configuration, In
series in the polerisation circuit was also included a resistance
box, the potentisl across which was used to measure tﬁe current
in the polarisation cirecuit and through the cell 2t =2 given
noment, The voltage drop AV across a dhosen value B of the
resistance cave the current AV/R. Thls current, measured
as AV, wa2s fed intc the vertical axis of an oscllloscope the
horizontal axis of which (.24, the time-bage) was drivenby
the potentiodynamically controlled, continuously varying
potential diffecrence betwesn the working electrode and the
reference electrode, The clireuit is showm in Fig, 8.

(111) Potential Decay Circuit

The e.n.f, decay circult was designed so that it could
be used both for open-circuit decay studies and for examination
of "forced decay" behaviour (1.e.,fdr charging curves taken
in a reverse direction to that of the initial polarisation),

The ecircuit consisted of a fast, six-position, mercury-wetted=
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Pigure 8

Potentlodynamic polarisation circuit.
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contact vacuum relay (C.P. Clare model H G2A4-1004), the
contacts of which were activated by an internal electromagnet.
The circuit is shown in Fig. 9.

For open-circuit decay studies, the potentiostat was
connected to positlons one and four (Fig, 9b) and the cell wss
connected to positlons two (anode) and five (cathode)., This
conflguration would give controlled -potential anodic polarisation
which could be interrupted by pressing down & micro-switch
which controlled the relay solenoid, The time-potential
transient corresponding to the rate of decay of the anode
potential could then be recorded on an osclllosceope (fektronix
Type 5024) after vassing the signal Tirst through e high input
impedance amplifier (Tektronix Type O Operationel Amplifier
Plug-in Unit in unity-gain configuration, rise time ce, lO)Jsec;).

For the "forced deccay" studlies, a constant d.c. current
supply (which could be controlled by a series of resistors
nounted on a rotary switch) was connected to poslitions three
{(negative, to make it cathodic) and siy (positive, to make it
anodic) . In this configuration, normal potentiostatic anodic
polarisation of the working electrode (plugged in position two
of the relay) could be continued while the mioro-switch was
closed, On pressing the micro=-switch; not only did positions
two and f{ive become disconnected from one and four (hence .
resulting in cessation of anodic polarisation), but instantaneous

connection of two and five was made respectively with positions
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Figure Q

Deéay circuit
Helay configurations for the anodic polarisetion stage,

Relay configurations for the open~circuilt e.m.f. decay

stage,

Helay configurations for the cathodlc transient stage,
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D,A, Differeﬁtiating amplifier
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three and six of the relay (Fig. 9¢) (hence commenc ing the
cathodic charging transient), Beversalvof polarisation was
achleved in a switching time of less then 51:].0"6 geconds.,

The potential-time relations at the test electrode (the
potential of which was referred to that of the hydrogen electrode
in the same solution)‘were registered by feeding .the signal
first through a high input lmpedance amplifier (Tektronix,

Type "O" operational Amplifier as mentioned above) and then to
one channel of a dusl-beam oscilloscope, The signal was also
fed into-the second chanmnel of the O unit (Tektronix, Type O
Operational Amplifier Plug-in Unlt) pre-set in a differentiating
econfiguration, the output of which was fed into the second
channel of the dual beam oscilloscope. Thus both potential-
time rélations, as well as the time-differential coefficlents

of such preofiles, were recorded simultaneously on the seme
oscllloscope photograph. Lxamples are shown in Figs, 18,

22,29,37,44,49 and 53.

9. EXPERIMENTAL PROCEDURE IN RUNS

(1) Polarisation Measurements

After the solution had been prepared (as described

above) and transferred to the cell, the szolution was cooled
to 5°C by circulating coolant from a low temperature thermostat

through glass coils sealed in the cell. Carbon dioxide was

L,



electrode was then adjusted carefully against the Luggin
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then bubbled through the solution. Potential measurements
were then carried out by lowering one of the encapsulated
electrodes under the solution and shattering the glass bulb

surraunding the electrode by means of a glass probe*. The

caplilary and the current measurements were carried out over

a potential renge of about 0,0V to 3.0V (s.r.t. the reversible

hydrogen electrode), which wes approximately the limit of

effective control by the potentiostet in the solutions studled,
Current measurements were made by waiting for sixty

seconds (stop-watch timing) at each given value of pofentio~

statically controlled anodic potential, - This ylelded a

somewhat arbitrary, though standardlised, procedure in which

the currents obtained were practically steady, yet the
electrodes were not subjected to the possibility of eany long-
time poisoning sffects as sometimes occurs in some sblutions;
€eSes in the hydrogen evolution reaction.

(11) Potentiodynamic Meagurements

dere the initial setting of the potentlostat and the

*Pre-electrolysis of the solution in the trial runs did not
produce any noticeable change in the logl i -V relations.
However, extensive pre-electrolysis for long times was avoided
In the subsequent runs since it tended to produce (rather than
remove) some impurities by side oxidation of the organic
substrates; this could be visually seen in some cases by
slight colouration of the solution after prelonged electrolysis.

BT, e e
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blas applied to it from a wave-form gzenerator were so arranged
that the potential region under study lay within the two
extremes of the time-dependent signal. The velue of resistance
in the resistance box {Joined 1n seéries in the polarisation
eircuit) was so chosen that sufficient potentisl was generated
to give a proper dlsplay of the charging current peaks (if
any) at the appropriste settings of the Y-axis sensitivity of
oscilloscope. The minimum series resistance was always used
with the maximum oscllloscope Yeaxis sensitivity, The
current-potential relations thus obtained were recorded on
oscllloscopic photographs &t several sweep rates, The
amplitude of the 8lgnal was measured by means of a potentioe
meter after the sweep runs had been completed, but with the
generator now in “ramp® configuration, as mentioned ébove.
(111) Potentiaj Decay Meagurements

In the studies of open=circuit decay of e.m.f., an
electrode was initially poiériaed to a desired, controlled
anodic potential for a standard chosen time (120 sec, in most
cases) and the polarisation current was measured, The
polarisation current was then interrupted through activation
of the mercury relay described above, The potential signal
for the test @lectrode was passed through the high input
impedance amplifier end then fed into an oscilloscope where it .

was recorded photographically as described above,
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In the forced decay measurements, i.e., cathodic

(dis-) charging curves, the electrode was Tirst polarised to a
glven controlled anodlec potential for a chosen standard time
(lzb‘seg.) and the corresponding polarisihg current was
recordgd manually b&'means of én aﬁmeter. The micro-switch
vas then pressed down which activated the reiay, resﬁlting
in reversal of the pblarisation current. The potential~time
transient signal of the test slectrode was first fed into the
high input impedance amplifier, differentiated and recorded
simultaneously in direct snd differential forms on the dual-
bean oscilloscope as described above, Such transients were
recorded for a range of initial anodic potentials; also from
a given anodic potential, "forced decay' transients were taken

over a range of cathodic current densities,

10. TEMPERATURE CONTROL v
The temperature of the TFA solutions in the ﬁolarisation
c2ll was maintained cbnstéﬁt by circulating a coolant {ethylene
glycol-water mixture) through a cooling coll specially sealed
in the anode and reference electrode compartments, The coolant
was kept at 5°C by means of two low-temperature thermostats
(Wilkins Anderson Company, Model 882). The low~temperature
baths were capable of maintaining the ﬁemperature constant to

within 0,1°C, The cell temperature could be maintained at
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5+ 0.2°C. This temperature was used for all the runs in
order to minimise the attack on the noble metals, especlally
gold, under conditions of anodie polarléation, particularly
in the non-aqueous solutions studied, However, the runs in
the acetate solutions were carried out at Toom temperature
(25°C) in order to make relevant conmparisons with previous

work (3,8,11,60) in these solutions,

11. CHABACTERISATION OF GASES EVOLVED

The gases produced in the ancde compartment of the |
special cell used for gas characterisation studies, were
condensed into an evacuated trap at liquid air temperatures.
After collecting the gases, the temperature of the trap was
ralsed to -50°C in an acetone-solid carbon dioxide bath, At
this temperature ail the Kolbe products were in gaseous form
but traces of the acid (i.e.,in the electrolyte) which had

become co-condensed in the trap were still sclid, The gases

in the trep were.thenhinjected into a vapour phase chromatograph
using silica-gel ét controlléd temperature as the column
material. The peaks obtained were characterised by comparison
of the retention times with those for known gas mixtures studled
under the same column conditions and flow rates and prepared

in an attached system of gas burettes, ' Typical chromatogranms

are shown in Fig. .10,
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Pipure 10

Eeproduction of V.P.C., recorder tracings for a typical run

and a typlcal calibration,
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12. EXPLORATION OF SUITABLE CONDITIONS FOR COULOHBIC-YIELD STUDIES

When coulombic efficlency studies weré contemplated, it
was thought necessary to have sonle estimate of the extent of
The solubility of the Kolbe products in the electrolyte being -
studied, In the s;mple solubllity apparetus described above
(see Fig., 6), a known volume (38 m1,) of CZFG was introduced
into the dual-bulb comnpartment containing 100 ml, of pure CFBCOOH
under atmospheric pressure, The solution in contact with the
gas was agltated at intervals to effect equilibriun dissolution.
It was found that about 33 ml. of the gas were dissolved in
the acid over a twenty~£four hour period, This considerable
solubllity of the £as in the solvent undar study precluded the
possibility of exeet, quantitative coulombic efficlency studies
except at hich current densities in pre-saturated solutionms,
as used in the previous woxlk (2).

Pre~saturation of the solutions by gaseous Kolbe
products was consldered wfong in principle since it would not be
possible to distinguish unambiguously whether the products
being characterised were produced during electrolysis or were
a result of some de-gassing of the pre-saturated solution.

Also, coulombie efficiency studies were not carrried

out in acetic scid solutions Since satisfactory and reprojucible

results had already been published by various authors (3,7,8,14,60)
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under comparable conditions. However, the observation that

the Kolbe reaction does not-proceed with any detectable
efficiency on gold (3,7) has been recently contradicted by
Sugino and co;workers;(éo) (see below in Chapter III); hence,
it wes thought necessary to characterise the anodic products

j . obtained during electfolysis at gbld in aqueous acetate

solutions.




CHAPTER IIX
RESULTS

1. POTENTIOSTATIC CURRENTPOTENTIAL RELATIONSHIPS AND
CHARACTERISATION OF PRODUCTS
(1) General |

As discussed in Chapter I, section 3(1), veluadble
diagnostic criteria for the assignﬁent of reaction mechanisms
can sometimes be given by the Tafel parameters under certain
limiting conditions of surface coverage, provided that Imowe
ledge of reaction products is available and some plausible
kinetic scheme of the consecutive elementary reactions has
been fofmulated.

In the following section, experimental results are
first presented for characterisation of produocts, Current=
potential relationships (Tafel plots), obtained under potentice
static conditions, are then presented for platinum end gold '
in both completely anhydrous trifluoroacetate-trifluoroacetic
acld and acetate-acetic acid solutions, and in these solutions
to which small quantlfies ot water had been deliberately
added, The Tafél rlots are shown in a8 way which emphasizes
the detailed structure of the i-V curve below the Tafel region
which is discerned under potentiostatie conditions, Any
changes in the structure of this region brought about by
addition of traces or excess of water fo the anhydrous solution,

can easily be detected.

B 5cs g




P =il sR e

(11) Characterisation of Products

Characterisation of the products of.electrolysis

was garried out only in the trifluorocacetate~trifluoroacetic

acid system since 14 the acetate-acetic acid system satisfactory
results had already been published by various authors (3,7,8,
14,31,60)., However, recently, Sugino and 6o-workers have
reported results (60) on the identity of the gases evolved

on gold anodes in agueous acetate-acetic acid solutions, which
contradict some of the observations of earlier workers (3,7).
Before Sugiho and co-workers reported thelr results (60), it
was belleved that (3,7) the Kolbe reaction does not proceed
with any detectable efficlency on gold as an anode in agueous
acetate~-acetic acid solutions; however; Sugino and co=workers
claim {(60) to have observed almost quantitative yields of the ‘
Kolbe products under these conditions. In the present
studies, evelution of oxyzen only was detected on gold anodes
in aqueous acetate-acetic acid solution, in agreement with the
findings of sevééal previous workers (3,7).

In the trifluorocacetate-trifluoroacetic acid system,
both under completely nonéaqueous conditions and when traces
or excess of water were added, 802 and CzFé with traces of CFu
were evolved on electrolysis both at gold and platinum anodes.

A typlcal v.p.c. recorder tracing in an experimental run
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together with the calibration curve obtained with the column
and other condlitions such as flow rate maintained the same,
s shown in Fig, 10, In all cagses these Kolbe products

were found only in the post-transition linear Tafel region

corresponding to potentials > ca. 2.3V (EH) and consequently

'ua.cm.'z). As was pointed

at high current densities (ca, 10
out in Chapter II, section 12, the Kolbe preducts evolved are
apprecliably soluble in the trifluoroacetate~trifluoroacetic
acld solutions used; hence any attempts to establish whether
evolution of the Kolbe products occurred at lower potentials
(and consequently lower current densitles) were rendered
unsuccessful by the fact that these products would have to be
evolved in quantities well above those ﬁecessary to pre-
saturate the solutions, Such quantities would be produced
only by carrying on the electrolysis at higher potential (and

hence higher current densities) or for times too 1ong to be

practical.

(111) Ezpe;;gentg; Current-Potential Relatlonships
{Pgtegtlostatio Cond;gionsz

In order to chaiacterise electrochemically the
mechanisms of the decarboxylation reactions involved in the
present Ilnvestlgations, current-potential measurements were
made by measuring the overall rate of the reaction in terms of

current at various values of the electrode potential, referred
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to the hydrogen electrode in the same solution and maintained
constant potentiostatically. The various values of rotential
chosen were such as would give an even distribution of points
on the potential axig. This was accomplished by manual
programming of the potentiostat in such a way that the potential
was changed in 50 mv‘steps after being maintained constant
for one minute at each partlicular value of the chosen potential,
This method, although arbitrary, established a "practical®
steady~state and gave very reproducible results, All
measurenents in trifluoroscetate-trifluocrcacetic acid solutions
were carried out at 5°C for reasons discussed in Chapﬁer Iz,
Measurements in acetate-acetic acid solutions were carried out
at rcom temperature (ecf. 3,1%,31,60) siﬁce the oxidation of
the substrate metal is not so pronouncaed in this system.

In the results presented below, the data are based
on runs for at least elght electrodes studied in at least two

separately prepared selutions,

(a) Platinum in Potassium rr;fluoroacetagg-Tr;fluoroacet1c
Acid Solutionsg

In this system, potentiostatic current-potentiel
relationships were obtained in completely anhydreous solutions,

in solutions which were presumed to contaln traces of water,

and finally in solutions to which small guantities of an
agueous solution of potassium trifluoroacetate (14) were
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deliberately added. Such solutions were prepared in the
following way: firstly a solution of highly purified, anhydrous
potassium trifluoroacetate (1M) in anhydrous, serupulously
purlfied trifluoroacetic acid was preparsd, Despite the
adoption of extreme precautions {see section 2(1i), Chapter 2)
these solutions were belleved still to contain minute traces

of water (mostly from etmospheric diffusion), Buns were first
carried out in this solution on two platinum electrodes and then
to this solution was added 1¥ pure trifluoroacetic-anhydride
which reacts rapidly with traces of water and thus renders the
solution completely anhydrous without contamination éf the
solution by any extraneous material of 8 radically different
chemical nature, Huns were carried out in this solution on

two fresh platinum electrodes. To this solution was now added
00% by volume of a 1¥ solution of CFBCOOK in water and then the
runs were carried out on two more fresh platinum electrodes,

The current-potgntial pldts thus obtained in the completely
anhydrous solutions, and in solutions containing traces, or
excess, cf water have all been plcoctted together in Fig. 1l
also, for the purposes of comparison, the Tafel line obtained
at platinum in ston has also been plotted in the same figure.
This sequence of runs in solutions containing varying quantities

of water, and the corresponding plots on the same graph
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Pigure 11

Platlnum/lMCFBCOOK in CFBCOOH: steady-state

current-potential relations:

l. (—+—+—-) with anhydride, b = 0.215Vs
2¢ (——————) without anhydride, b = 0,27V;
3¢ (————) with added water, b = 0,25V;

b, (—— —) Pt/1MH,S0,, b = 0.12V,

Hote: All graphs are baséd on points measured at 30-50 nv,
intervals in the:aseehdlng and descending direction of

potential change (see also Fig, 14).
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(Fig. 11), were purposely selected in order (a) to seek
information on the role, in the Kolbe electro-synthesis,

of adsorbed oxygenated Sspecles arising from water and (b) to
emphagize in a comparative way any distinections which may he
observed in the Tafel behaviour for solution compositions
altered in a pre—deéermined manner,

As shown in Fig, 11, the ascending and descending
los[i]-V curves show little hysteresis when the solutions are
completely anhydrous. In pure TFA (trifluorcacetic acid)
solution (which presumably contains some traces of wgter),

a definite hysteresis betwesn the ascending and descending
logl rate]-potential curves is observed; also the rates,

at a given potential, are smaller in this case in comparison
with the ones for the enhydrous system, especially at
rotentials lower than those corresponding to the commencement
of the linear Tafel region., The hysteresis is further
augmented, and the rates are correspondingly diminished in

the presence of excess water, In a1l cases, linear Tafel
relations are observed in the post-transition region (Loe.,
post-passivation region) with Tafel slopes b on the descending
curves equal to 0.215 V (anhydrous solutions), 0,270 V (solutions
with traces of water), 0,250 (solutions with excess of water),
For comparison, the Tafel line for oxygen evolution on Pt

in E,80, (63) exhibits a slope of 0,12 as also showm in Fig, 11.




The rest potentials® (i.e,, the potentisls on the
descending curve at whioh the current Just tends to becone
cathodice), are notlceably different in the three types of
solutlons studlied. - In the completely snhydrous solutions,
the rest potent1als‘were gg.'5oo mV3 in solutions containing
traces of water, the rest potentisls were La. 900 mV; and in
solutions containing excess of water, the rest potentials
were ga, 950 nV,

(b) Gold

Solutlons .
In this system, the types of solutions studied end

the sequence in which they were examined were exactly the same
a3 for the case of platinum in potassium trifluorcacetate-
trifluoroacetic acid solutions discussed in (a) ebove. The .
results are presented in Fig, 12, Again, under completely
anhydrous conditions, little hysteresis is observed in the
transition region (i.e., the passivation region) between the
agcending and descending 1cg[13.v curves, The transition
reglon is followed by a linear Tafel relaticn with 2 glope

b = 0,160 V, In the presence of traces of water, an unusual
Phenomenon is observed arcund 1.80 V. The transition region

does not extend directly into a normal linear Tefel region as

*The diagnostic significance of the rest potentials observed -
wlll be discussed in more detall in Chapter IV, section 2.
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Firzure 12

Gold/li‘-iCFBCOOK in CFBCOOH: steady-state current
potentiel relationg:

with anhydrides
-— -~ without anhydride;
————— with added wvater,

liote: all graphs are based on points measured at 30-50 nv,
intervals in the ascending and descending directionsof

potential change (see also Fig. 14),
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in the case of anhydrous solutionsg instead,.an inversion of
rate 1ls observed, l.e,with 1ncreased.potential, the rate
first decreases with increasing potential over a narrow
potential range (1+6 - 1.8 V) instead of exhibiting a normal .
continuous 1ncreasq with potential, This behaviour manifests
itself in the logli]-V plots in the form of & characteristic
inhibition bend of the type discussed recently by Gilroy and
Conway (62) in connection with some other electrochenical
oxidations, The log[i]—v inversion is followed by a linear
Tafel reglon with a slope b = 0,175 V, In solutions containing
excess of water, not only is the rate diminished and the
hysteresis between the ascending and descending logfij-v
Plots enhanced, but the characteristic inhibition behaviour
observed with traces of water also suffers a drastic apparent’
change in that it is lergely obscured. This appears to arise
probably because of the fact that the hysteresis 1é now large
enough to encompass the ﬁhole range of potentials over which
the original inhibition inversion was observed, At sufficiently
high potentials, however, a linear Tafel reglon still arises
in the post-transition region with a slope (on the descending
curve) of b = 0,170 V.

The rest potential (see p. 71 ) is also remarkebly
different in the three cases., In anhydrous solutions, it is

ta. 0.25 Vs 1in solutions containing traces of water, 1t is

33136
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S2e 0.90 V5 and in solutions contalning excesa of water it is
£&. l.25 V. Further discussion of these observations will be
given in Chapter IV, section 2(ii),
(c) 2Rlatinum in Potagsium Acetate-As Acid Solutio

The logl current]-potential behaviour was investigated
at platinum in anﬁydrous solutions of potassium acetate
(14) in acetic acld (in the "vacuum" cell) described in
Chapter II¥; subsequently this solution was made 0.,1M in H20
and current-potential runs were carried out on fresh electrodes,
Finally this solution was made 1M in H20 and the current-
potential behaviour was re-czamined on fresh plabiﬁum elactrodes,.
In a separate agueous solution, 1M in CHBCOOK and 1 in CHBCOOH,
the current-potential relation was also examined independently
on fresh platinum electrodes,. as a check on the results obtained
for successive additions of water. These 1og[i]-v plots are
presented together in Fig, 13 and the linear Tafel relation
assoclated with Oz'evolution at platinum in nzsou is also shown

for comparison on the game graph. This procedure was adopted

¥The "vacuum" run in the *vacuum" cell, 23 deseribed in Chapter
II was necessitated by the fact that yery anhydrous conditions
in the potassium acetato~ccetic acid solutions could not be
obtained by addition of small quantities of acetic anhydride, as
was the case in the TFA solutions discussed above,

2
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Figure 13

Platinum/lMCHBCOOK in CHBCOOH ("vacuum"): steady-

state current-potential relations:

2, (——-—) completely anhydrous solution, b = 0.14 V;
PO (R ) + 0.1l Hy0, b = 0.14 V;
4, (————) +1.0 ¢ H,0, b = 0,135 V;

5¢ (————) + excess Hy0, b = 0.26 V and
b = 00165 V;
and

7¢ (——) Pt/1MH,50,, b = 0,12 V,

Note: &1l graphs are based on points measured at 30-50 nmV,
intervals in the ascending and descending directionsof potential

change (see also Fig. 14).
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in order to emphasize the distinctions between the detailed
structures of potentiostatic current—potentiél profiles
corresponding to Kolbe oxidation that ray arise on account
of the presence of varying émounts of water in the mhon-aqueocus®
system, i |
It will be noticed that, in general, the greater
the amount of water added to the system, the lower is the rate
at a given potentiadl and the higher is the rest potential. |
Signifiecant hysteresls between the ascending and descending
curves was observed in all cases, The experinmental results
obtained in this case are summarised in Table I.
(d) Gold in Potassium Acetate-Acetic Acid Solutions
Current-potential relationships at gold in petasgsiun
acetate-acetic acid solutions were examined both in non-agueous#*
and agueous solutions., The results are presented in Fig., 14,
In the non-aqueous system, a small hystéresis is
observed in the-trahsitién region (i.e., passivation reglion)
between the axcénding and descending log[ij-v curves, The
transition region is followed by a linear Tafel relation with

a slope b = 0,11 V., The rest potential is Lga. 1.30 V,

*Hlon-agquecus sclutions were prepared by a systematic and
scrupulous purification procedure deseribed in Chapter 11,

Runs were not carried out under high vacuum conditions in the
case of gold since it was thought that the use of that procedure
in the case of platinum was gufficient to demonstrate the role

of water,

e b,
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Table I

Current-potential behaviour at Pt in potassium

acetate~acetic acid solutions etc, (F1g. 13).
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Figure 14

Gold/1M CHBCOOK in ChBCOOH: steady-state currente
potential relations, also showing population of expérimental

points on a typlcal curve:

L4 nominally anhydrous selution:

© agueous solution.

Curve for nominally anhydrous solution is curved at high

Notes
-_i- pof’t’.sd ol dYCb

i due to significant resistance p}d/ in the non-agueous solution.
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In the aqueous solution, a larger hysteresis than
in the non-aqueous case is observed in the transition reglion
and a slight inhibition bend arises both in the ascending and
descending curves. This behaviour is similar to that observed
in the case of gold in the TFA solutions containing traces
of water [see(b)abéve]. The transition region is followed
by a linear Tafel relation with a slope b = 0,09 V, The

rest potential is ca. 1.25 V,

An unusual feature is noticed in this system in
that the rete is higher in the aqueous system then in the

non=aqueous system,

2, SELF-DISCHARGE AND DRIVEN~DECAY BEHAVIOUR FROM POTENTIO-

STATICALLY-MATNTAINED ANODE POTENTIALS

(1) General
As dlscussed in Chapter I, section 3(11), complementary

information on the pseu@o-capacity of the electrode and the
related extent of sﬁrface coverage of the electrode by
adsorbed interiedlates can be deduced from the decay of
electrode potential either bn open-circuit or on cathodic
charging from anodic potentials initially maintained potentlo-
statlcally at various values (59,51,52,53). Usually the

presence of adsorbed intermediates is indicated by "arrests"
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(i.e. maxima and minima in the constantly chénging slope
dv/dt) in the decay profiles¥,

In some cases, on self-decay of the initisl
polarisétion potential, a "residual” potential## was observed,
This residual potentisl is assoclated with the presence of
some adsorbed 1ntefmed1ates on the electrode which are
difficult to remove by a self discharge reaction; in certain
cases, these intermediates can be subsequently removed from
the electrode by driven decay (cathodic discharge) from the

residual potential.

In addition to the open«ecircuit decay measurements,

cathodic charging was employed to effect the decay of the
initial anodic potentials of the electrodes, These charging
curves yleld additional information on the pseudo-capacity
and coverage behaviour assoclated with the adsorbed inter-
medletes formed on the electrode during anodic polarisation, ;
This approach is particularly valuable in cases where thé ;

adsorbed intermediates are not so easlly reducible and hence

*This is strictly true only if the adsorbed intermediates are |
"electro-active", i,e., if they are susceptible to reduction
(and hence removal from the anode) either by the self-discharge
or by the cathodic charging process,

%*#The term "residual' potential refers to the potential attained .
by the electrode after rapld self-decay of part of its initiesl j
polarisation potential. The residual potential will thus be
the quasli-steady potential that the electrode attains after a
few minutes of cessation of polarisation,

e e e e e
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are not spontaneously removed during open-circuit decay,

(11) Experimental Relationships fpr Decay of Potential

Experimental measurements aimed at the study of

potential-time relations observed &k self-discharge and forced
decay of anodic potentials were carried cut as described in

Chapter II, section 9(1ii). The results obtained are

described below,

(g) Platinum in Potassium~Trifluoroscetate-Trifluoroacatic

Acld Solutions

Potential decay behaviour was examined in:_ (a)

completely anhydrous solutions; (F) solutions containing,
presumadbly, traces of water, i.e., nom;nally anhydrous solutionsg
(v) solutions to which excess of agueous 1M CFBCOOK solution
(30% by volume) was deliberately added. The results obtained
in the three types of solutions are summarised and compared
in Table JI, sectims 2 and 3.

Open=Circuit decay behaviour: In the completely anhydrous

solutlons, no arrests are cbserved in the open-clircuit potentisle

time relations and the capacity values are of the order of the
d.1l. capacity (ca. 100 uF, em."?).  The residual potential

is ca. 0.6 V. Similar comments apply to solutions containing
presumably traces of water except that the residual potential

in this case ettains a somewhat higher value of 0.9 V, The‘

C-V profiles calculated from open-circuit decay from various
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Table II

Behaviour at Platinum:

trifluoroacetic acid solutions,

potassiunm trifludroacetate~
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values of initial anodic potentials in both of these solutions
are shown in Fig. 15,

In solutions containing excess of water, the open-
circult decay profilles show no arrests, yet the values of
capacity calculated from these decays (400 to 500 uF, dm.'z)
are higher than tﬁe d.l. capacity; also, the rssidual
potential in this case has a high value of ea, 1.175 V.,
However, on forced decay from this residual potentlal, arrests
are observed, The Cmax. agsociated with the main arrest has
a value equal to 2680 uF. cw.” and Ve . = 0.58 Ve The
value of charge Q, for this arrest, is 0.537 mC. cm. "2,
Another arrest 1s observed around 0,15 V and the value of
charge for the arrest is Q, = 0,392 mC. em.”2, The C-V
profiles calculated from the open-circult decay profiles and
2lso from forced decay from the residual potential in this
solution are shown in Fig. 16 for two values of initial
polarisation potentialy V, (or Eq)e

Forced gécax behaviour: When a cathodic charging
transient 1s applied to the electrode immediately after the
cessation of anodic poiarisatlon (1.e., forced decay conditions),
ne arrests are observed in completely anhydrous solutions.
Values of C are of the order °f'cd.1. and chax. = 0,075 V,

WaX,
Since there are no arrests, no Q values could be calculated.
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Platinum/1M cpjcoox in CFBCOOH (+ 1% trifiuvorc-
acetlc anhydride)s C-V plots caloulated from open-circuit

e.m.f, decay profiles obtalned from various initial anodic

potentials, V
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Figurg 15

<
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<
]

2.2 Vg
V1 = 2,0 V3
34 = 1.8 V (+ anhydride);
V, = 2,2 V (+ anhydride);

Vi = 1,6 V (+ anhydrlde).
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Figure 16

Platinum/1M CFBCOOK in CFBCOOH (+ water): C-V

profiles calculated from open-circuit e.m.f. decay curves

and.fiom curves obteined on forced decay from the residual

potential:

A (V'1 = 2,2 V)

(C-V relations above 1.5 V are
from open-circuit curves:

C-V relations below 1.5 V are

_ from forced decay curves.

¥ s e
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The forced decay behaviour in solﬁtions of fresh
1M CF4CO0K in CF4C00H [no (CF4C0) ,0 added] s also not
agsoclated with any arrests. However, after about 72
hours from thé commencement of the run, slight arrests were
observed in the potential-time profiles obtained by foreced
decay of the poéential of the anodically polarised electrode.
This behavliour is presumably due to the fact that very small,
though indeterminate, amounts of atmospheric moisture diffuse
into the solution desplte the elaborate precautions which
have been discussed in Chapter II, section 2, (11). Molsture
seems to be the source of adsorbed 1ntermed1ates; which
manifest themselves by the arrests in the potential-time
profiles; this 1s suggested by the fact that these arre’ ts
appear only after significant times after the commencement
of the run, The values of cmax. calculated from the forced
decay proflles range between 250 to 450 uF, cm;fz depe&ding
on the lcath. (i.e.,cathodic current density) used in the
forced discharge and alsc on the amounts of moisture present
in the solution, The plot®* of 1iath, VSe /T gives a
strailght line and the charge Qtotal is glven by the slope of

#T is the time in seconds, at a given lcath,s Trequired to
reduce completely a particular adsorbed specles present so
that leath, X T = Q, the charge used in reducing completely
and quantitatively a particular adsorbed specles, On the
differentiated potential-time profiles, it is the time in
seconds between two Cminima.
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this line as 0,108 mC. om.”? (Fig, 17). The straight line
obteined in the L .. Vvs. 1/T plot signifies that Loath,
has been utilised entirely for "peeling" off (1.e., d1scharging)
the adsorbed intermediate and that Q 1s independent of the

the value of le.atn, used, and, 1s given by slope of this

line. The velues of capacity C and charge Q obtained for

the electrode in this solution, it must be noted, have no
precise quentitative significence because of indeterminate

traces of water present in the solution, These C and Q

values, nevertheless, have a seml~quantitative significance

which has a most important bearing on the comparative discussion

of "results for completely non-agqueous solutions, for solutions
contalning traces of water and for solutions to which
ercess water has been deliberately added (see Chapter Iiv),:
After establishing that @ is independent of 1cath.
(Fige 17), @ plot of Q vs. V,, the initisl polarisation
potential, was examined. It 1s found that Q increases with
increasing Vi (Pig. 18). In Fig. 18, two polaroid photo~
graphs are also shown which are actual oscillographic records
of the experimentsl forced decay curves togather with the
corresponding differentiated profiles obtained in completely

anhydrous solutions and in solutions containing, presumably,

traces of water. It is important to note that no "peak! .

|
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Figure 17

Platinum in nominally anhydrous 1¥ KTFA/TFA

solution: a plot of oatn, VS 1/1'.
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Figure 18

Platinum in nominally anhydrous 1M KTFA/TFA

solution: a plot of Q vs. E,&
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(Leee, cmin,’ which 1s actually a differentiated arrest)

is observed in completely anhydrous solution while & slight
arrest is observed in solutions believed to contain traces
of water,

In solqtions contalning excess of water, appreciable
arrests are observed which appear as minima on the differe
entliated potential-time profiles. These arrests are
asscclated with significant coverage of the electrode by
adsorbed intermediates mnd are not observed in the case of
electrodes in anhydrous solutions, Such arrests are
manifested only gsllightly in solutions containing traces of
water, Appreclable pseudo-capacity C, as calculated from
the differentiated potential—~time profiles, is observed.
The value of Chax, 18 equel to 1650 uF, om.~? and the value.
of chax. ranges between 0,6 V to 0.2 V depending on the
1cath. used in the forced decay transient., Increasing
1cath. tends to shift vcmax. to more cathodic potentials
though the effect of 1cath. on values of cmax. itself does
not show a regular trend (Fig. 19). The C=V profiles at

four values of 4 ne are shown in Fig. 20.

cat
A plot of 1cath. ¥8¢ 1/ at a given value of
initial polarisation potential V1 or Ei' gives a straight

line (see Fig, 21). In Fig. 21, & plot of 1., ¥a. 1/r?

AT D e #1142 e e
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Figure 1

Platinum/1} CFBCOOK in CFBCOOH (+ water):

® Plot of Cmax. TS icath.;

@ Plot of Vg, . VSe i ...
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Fizure 20

Platinum/1i CF4C00K im CF,COOH (+ water):
C-V profiles as a function of charging cathodic current

density, 1cath , for the adsorbed specles in the Kolbe

oxidation: i ... (in a. em "2): -
A 1.25 x 1072
A 2.65 x 107%;
o 8.82 x 10723

° 16,18 % 10™%;
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Fipure 21

Platinum in 11 KTFA/TFA (+ water) solution:

, 3
plots of 1cath, vse /T (A) and 1 44 V8. 1/v% (o)
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is also shown, and 1g clearly not a gtraight lins., This
fact emphasizes in & complermentary way an important
conclusion from the 1,.., IS. 1/« plot, namely, that

1cath.
and is entirely used for the (dis-) charging process of

$5 not utilised for a diffusion controlled process

"peeling” off the edsorbed intermediates from the electrode.
The value of total charge Q given by the slope of 1cath.
ys. 1/~ plot (Fig. 21) is equal to 1.05 mC, cm.~%; this
value, it must be noted, 1is about ten times greater than
the value of ocharge, Qtotal’ obtained for electrodes in
gsolutions which contained only traceg of water.

After establishing that Q is independent of 1cath.
(Fige 21), Q was plotted as a funection of initial polarig-
ation potential Vl. It is found that for either of the two
cmlnima observed in the differentiated potential-time
profile, the charge Q is independent of V, (Fige 22).
In Fig. 22, an actual experimental force& decay ocurve
together with its differentiated profile 1s also shown.
It ig clear that the differentiated potential-time profiles
clarify any uncertainty 1in the arrests or inflections in the
potentisl-time curves into sharp peaks (1.e, the appropriate C . .40,
and cminima) and hence permit more precise caloculations
of the quantities C and Q deduced from these profiles, and

the observation of the potentials at which the infiections occur,.




Figurs 22

Platinum in 1M XTFA/TFA (+ water) solution:
plots of Q [for each of the two peaks (see photograph)]

V8. Ei.
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Potential-time relationships, observed on open=
circult and forced decay from ancdie pectentials, were
investigated as above in: (o) completely anhydrous solutions;s
(B) solutions pfesumably containing traces of water;

(v} solutions to which excess of aqueous 1N CFBCOOK solution
(30% by volume) was deliberately added. The results
obtained in the three types of solutions are summsrised in
Table III, sections 2 and 3. .

Open=circult decay behaviour: In completelﬁ anhydrous
solutions, a2 slight arrest was observed on self-decay of the
ancdic potential, The value of cmax. 18 of the order of
90=140 uF, cm.'z, depending on V1 (Fig. 23)s The residual
rotential is 0.4 V,

In solutions containing traces of water, an arrest
1s observed on self-discharge of potential of the gold ancde.
The values of Cmax and Vc seem to depend on initial

° meXxe
polarisation potential, Vi’ and are as follows:

maXe maXe

-2 .
Cpax, = 225 pF. cme” 3 vbmax. =137 Vs V, = 1.8V

The rest potential in this case is £8. 0.9 V,
which 1s higher than that observed under completely anhydrous

conditions,




Table III

Behaviour at gold:t potassium trifluoroacetate-

trifluoroacetic acid solutions,

et



MR TETLY FRTN A by

*SIHIHA0D
B0 STHALYSZ TYNOILIGAY  (A)

*b 01 LNIGNOJSHEHOD -
SISUYYY 40 STYILNILOJ
auy b 40 samiva  {q)
*Xewy
. 'y >
awv ™5 40 szoTvA  (9)
LIV 1IK3LOd
WNUISHY WOHd AVISU Q3DHOA (%)

*ROLLNIOS 3l NI AN3SHHE 0% o

40 SUNOAY ONISYEHUNI ollA SITIVA HanSln SULYAOW ATt (m) A 6%0  (111) A0 (N “IVIINLOd TVAQISSY (1Y)
QN3 TVILNALO IVOUISTE QY ALIOVAVI-0QUSd il : :

(hge1=la ta 4emt = %y

2w dnfSez = Ay

(asrz=ts ta 29e1 = X%y **a o vilwisdaa
. . . . W
: L avwse (1) 259 4wy = T iy 24 auni-oo = 4y (1) 2 40 ARLISDVH  (¥3)
TNV
{aaAEESEO 1S4YEY (1) ‘LEAUHY LhUITS AH4A (4) ¢isdHEY (1)
SAVUEU LINUEID-Nzdo *2
*SLYIWROD
B0 SAHNLYES TYNOILIUQY  (A%)
LSeU . e V1L ¥ (111
H2u5ih SEA0LHY IVIINGLOa WSub anl dwy A &'y {118) A Szto (W) TVILNELOd LSUH (111)
‘UIMOT STAOw ALV ‘HICHVT Savifd S1SaulSAn
*HOLUNOS 24l NI 0%k 4O SLENOKY ONISVEHORI nifx GAMISEO nGNEY '
Sloabdisin 328V1 (W) b w1 furinta torsamaasan (10 S15aNELSRH OF  (11) ISISTHILSAN (V1)
.
Aolto Asito (1) A09T°0 (1) $ad0lS TEdVL  (F)

SHOLLVIsH TVILNIOG-LV3HEND °1

o%n NI €400+ °05C40 5t +
TVHIVSD) Sndvasd 4205840 Wt + w00ufad ¥1 20098es W sxorLnTOS 5005540 N1 5000540 A1 190100708 | 002543 K1 0ua€dd AL tNOLLNTOS F04301A3 TYVINEW(HZEXT

U102 AV BOOIAViHW  *IKI dTuvd




8331 LT

LD T.I IV S (A 2t &£ )
STITLIZE00 SEHOTH 4V SG33308d wOluSVaYd 34194

*{n 2te=< Mg **a01) *xokddv
S08%9 iV @Eadasdd 203 anv V4%

‘(A ce

<

eet) tXOMdQY ot o otxs
s4°p*9 1¥ qaayisso %03 awy Y4%

(a 2ee £ ™y *rutt) xoudav
¢-01xs & 5400000 W qan
20 ISACAY TIVAS ¥ aiv Son *Y4%

ELCXLEL]
15154 108LUaTd dU SLONUOEd

*SILNIAAD
O S3HNIYHA TVNOILIUGY (1a)
TAvday guv
1599 %0 (3R/AR) do lodads  (a)
“q109 40 ) .
. ey e Oy aww T2y (e
KOILNTOSSIA DIGINY OL ‘ATSVAASIHA *30Q SiSVO 33dia
; \ 13540 108 L500-501S044 10
J6L TIV NI G3ARISE0-SAYIA (GTIRLNOD~ *SAvEd 351 ¥04 SENTVA
D 'ENVEd UNISHVED &1 (¥11)
(38/44) 1o D do FDuaGHIdEQ  (1%)
*QNT450-1150
‘savad e alvs s SV DIUOHLTS ON | .
adN AVEd DIGOHLVD 1AV3Id SAVAd DIYVHLYO ANV 2IQONY m?n\>3
SIOOHLYD GNY JIGONY 804 Hidd dull Liolvdis (1) 21G0NY ¥O4 LT 4asIVHLS (1) 804 IOB HNIT LHOIVEIS (%) | *SA IN3BHND XvEd 40 1074 (1)
§nl dd3r5 4
n *SLSIAROD
H0 S3UALY4S TVNOLLIGUV (1a)
3 o
*'4 OXISVEHONI ELIA S4SYZHTL {«
' * ELIR SISYSUSLL D ) ONISVEBOND HLIM SSSVAHOII B  (a) *%a WLl SESVAUDNI B (a) ' oA B a0 1012 (a)
1074 STHL
o . -
naTI S ERT M wWoow . s E
1010708 ‘295G 60°T = B miIT LaLIVELS {at) goum SLL°0 = D ¢-4708 mHo'o = B JpEa L naa1o v oy
UL NI 143STHd 0% 4O SLNNOKY INISVAYINI slln PIVEL LWUTVHIS (A1) tav17 dilorvels (1) b woa V40 1018 (at)
BSVEUONT QISVH JHOW ¥ SMOAS B *“A muISVEHONT ELIn
‘0STY  INOTLNTIOS AL NI LNISTBL 0%H 40 SUNA0RY e
SNISYAHONI HKLIM FSVAHONI SINTVA © QNV D hiog "HS1T5%IST Ol 41001ddiG ST %% 4o 141ns Ok 41n31dd1d €1 v 40 . g
(I Q3R Shi oz e amen 1o s 141nS HKL N1 Uvabii wiis Sanlen SIVA DIGUNY SSHT OL A
8L ST QNEbd 3hi wha S3ATVA LIGINY 55371 0o Cavay - hp1-1 CLuay
Bianis oy oo+ gl ) DIGONY 54T Ou Sda bo¥ A UNY SINTVA HIEOLH oL X% . ) A avy
- £ far i " ¥ . .
GRed didn o U tsVadIn muln (854) sadatis MYy oarsvauon (v | %% o "% 4o doaads (n)
.
WY w0 A lunaaad
i cue e e TAWNy, ‘Yluo et e
~Gi34ZG 4 SU°T OL A 630 R A @'y c.w._.w..m.. 0~ = .> v HO s;m_ﬁuun
L ICimn s S Wil 2D vies = ( : ¢ NO iQddd3d A ¥y*0 0w ST*0 = A
LGS | e SWuuil o . MR . v, .
B ’ o a5t ow wus = Y (13) e drfoot = ™ (| cseatva Mo gry TR oy
*CALEAL 1) L LLEUBY XY .
‘LSIHUY wivl (1) *uafd3S40 L5IHEY (1) iSsghy (1)
SAVDIT TEONOE  °€




.= 98 -

Figure 23

Gola/1n CF3COOK in CFBCOOH (+ 1% anhydride):
CaV prefiles caleulated fron opene-cirecuit e.sfs decay
curves obtained from wvariocus values of initial anodic

potential Vi’

o Vi = 109 V;
® v

g = 2e1 ¥V,
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The C-V relations calculated frqm open-circuit
decay profiles for this case are shown 1ﬁ Fig. 24, |
In solutions containing excess of water, no

arrests are observed in ﬁrofiles of the decay of the snodic
potential though the values of pseudo=-capacity csleculated from
the self-dlscharge profiles are very high (ea. 2500 pF, cm, ™2
This is indicative of the presence of some adsorbed intere
mediates.). The rest potential observed is quite high (1.3 V).
LAgain, thls suggests that some adsorbed intermediates which
are not easily reduced by a spontaneous self~dilscharge reaction
are present on the electrode.]. The C-V relations calculated
from open-circuit decay curves obtained from a variety of
initlal polarisation potentials are shown in F;g. 25.

Forced decav behaviour: When an anodically polarised
g0ld electrode is subjected to a cathodlic charging transient
immediately after thg cessation of initial anodic polarisation
in completely anhydréus solutions, an arrest is observed
(contrast the case of Pt). The Cmax. value calculated from
8 differentiated profile of this arrest is equal to 100 pF, em, 2
approximately and chax. ranges between 0,15 V to 0.68 V.
Both Cmax. and chax. values depend on 1cath. used in the
cathodlc charging transients. Ihcreasing 1cath. shifts Cmax.
to higher values and chax. to more cathodic potentisls {Fig.
'éé). The C-V profiles at four different values of Lea

S
(#]

A ~

th,?
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Figure 24

Gold/1l CFBCOOK in CFBCOOH: C-V profiles calculated

from open-circuit e.m.f. decay curves obtained from varlious

values of initial anodic potentlal, le

o Vi = lol} V;
g v, = 1.8 V;
X V. = 2.5V,

1
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Figure

Gold/1M CF4CO0K in CF4COOH (+ water): C-V profiles
calculated from open-circult e.m.f. decay curves obtained

from various values of initial enodic potential, V, (or E,):

i

o o ]
V1 2.1 V3
A =3
V1 2.3 V3
o V, = 2.4 V,

PR A Rt e e e o
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Figure 26

Gold/1ii CFBCOOK in CFBCOOH {(+ 12 anhydride):

X ’ ‘ M
plot of Cpor, ¥+ loatn,’

o plot of chax. VS icath.'
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cormputed from differentiated potential-time relations
obtained on driven decay, are shown in Fig. 27.

A plot of 1,.., V¥s. 1/ glves a straight line

cat
(Fig. 28) and the value of charge, Qpotar® Obtained from the
slope of this line = 0.084 mC, om.~2, In Fig. 28, & plot
of 1 oth. qg.‘I/r% is also shown in order to emphasize the
inferences to be drawn from the icath. vSe 1/T relations.
After establishing thet Q was independent of 1cath. (Fig,
28), a plot of Q vs. v, for Ei)’ the initial polarisation
potential, was studled. It is found that Q increases with
increasing V, (Fig. 29). '

| Forced decay of anodic potential in nominally

anhydrous soluticns, bdut presumabiy containing traces of

water, shows a long arrest in the potentisl-time ocurve, The

2 and

values of C .. range from ga. 500 to 1580 uF. cm.™
those of chax. range from =0.35 V to 0,35 V, both values
being dependent on the magnitude of 1cath. used in the driven

decay,. With inocreasing 1cath.' chax. shifts to more

cathodlc values, while the trend in the shift of cmax. with
varying i_,,, 1is difficult to establish (Fig. 30). The

C=~V profiles for a series of i values are shown in

cath, x
Flg. 31. . j
|

On plotting i, .., Vs. 1/+ , a straight line 1is ’

-obtained (Fig. 32) and the charge Q, given by the slope of




c o= 104 -

Flsgge 27

Gold/1M CF4CO0K in CP,CO0H (+ 1% anhydride):
CaV profilles as a function of charging cathodle current
density, i,.., , for the adsorbed species in the Kolbe

. -2y,
oxidation: 1cath. (in a, em.™%);

o 5.02 x 1072
a 10.03 x 10~2;
A 21.0 x 1077

+ 32.8 X 10-3.
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Figure 28

Gold in very anhydrous 1M KTFA/TFA solution:
%
Plots of 1,.) ¥S. 1/v (8) and 1., vs. 1/er ¥ (o),
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r
Filesure 29
? Plot of Q ys. E,¢ 1M KTFA/TFA solutions: e
0| gold in very anhydrous solution;

L gold in nominally anhydrous solutions

A gold in aqueous solution.
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F;ggre 30

Gold/1HM CFBCOOK in CF3000H=

plot of Cma

Xs Y_S.l

cath, :

plot of chax. zg; 1cath,®
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Figure 31

Gold/1M CFBCOOK in CFBCOOH: C«V profiles as a
function of charging cathodie current density, lcath.'
for the adsorbed species in the Kolbe oxidation{' 1cath.
(in a. cm.”?):

A 5065 X 10-3;
X 18,66 x 107°;
o 28.6 x 10™3;

e b2 x 1072,
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Flgure 32

Gold in nominally anhydrous 1M KTFA/TFA solution:
% .
plots of 1 .. vs. 1/ (A) and Leatn, V8. L4 % (0),
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this line is 0,175 mC. cm.'z. The significance of the 1oath.
¥s. 1/ plot is further emphasized, as above, by the

ebsence of a straight line when tcatn, 18 plotted vg. 1/&—%
(Fig. 32). It should be.noted that Q is about twise as
great in magnitude as the @ obtained in very anhydrous
solutions, '

After establishing in this case that Q was independent
of 1 ath. (Fig. 32), the dependence of Q on initial polar-
isation potential V, was examined, It wvas found that Q
increased with increasing v, (Fig. 29). |

In solutions containing excess of water; a long
arrest in the potentialetime curve obtained by forced decay
of Vl is observed, The pseudo-capﬁcity in this case attains
much higher values than those found for the electrodes in
anhydrous solutions or in solutions with traces of water,

The Cppx, Values range from ca. 2500 pF. cm.~2 to 7500 pF. em,~2
and chax values from 0,89 V to 1l.05 Vv, Both cma and

Vc values depend on the nagnitude of § used in the
max. cath.

driven decay, With increesing 1cath. values, shifts in both

VC and C show irregular trends (Fig, 33). The C~V
max' ma.!‘

relations, computed from differentiated forced decay curves,

at various 1cath. values are shown in Fig, 3%. The arrest in

the forced discherge profile is almost horizontal go that a

surface species with almost bulk reduction behaviour is indicated.
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Figure 33

Geld/1M CFBCOOK in CFBCOOH (+ water):

O bplot of Cpp, VS. oatn,

® plot of Vepay, Y8+ Loatn,

O en e L
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Figure 34

Gold/1M CFBCOOK in CFBCOOH (+ water): CaV
profiles as a function of charging cathodic current density,

icath s for the adsorbed species in the Kolbe oxidation:

-2,
1cath. (in a, cme <)

o 1.5 x 10™%;

° 5.29 x 1072;

x 5,82 x 1072,
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On plotting icath. against 1/ , a stralght line
18 obtained (Fig. 35) and the value of charge Q given by the
slope of this line is 1.09 mC, cm."z. This value of @ is
several times greater thaﬁ that obtained either in anhydrous
solutions or in solutions containing traces of water. The
conclusions to be drawn from the linearity of the icath.
V8. 1/t plot (viz.,that only a discharging process of ade
specles 1s involved) is further emphasized, as above, by the
ebsence of a straight line in the plot of 1cath. VSe 1/ %,
also shomm in fig, 35.

After thus establishing that Q was independent of
icath.’a plot of Q against Vi’ the initiael polarisation

potential, was examined. It is found that Q increases with

increasing V, (Fig, 29),

In Fig. 29 are also shown three polarcld photographs

on which the actuel experimental forced decay transients and
corresponding differentisted profiles were recorded for the

indicated conditions of water content.

{c) Platinum in Potsssium Acetate-Acetic Acid Solutions

Potentiel-time relationships obtained on open-circuit

and forced decay of potentials of enodically polarised
Platinun electrodes were examined in: ({(a) completely

enhydrous conditions achieved in the "vacuum run®" described

R I P
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Figure

Gold in 1 KTFA/TFA + water solution: plots of
T :
Loath, ¥Se /T (B) and 1catn, ¥Ss 1/ % (0),
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Table IV

Behaviour at platinum: potassium acetate-

acetic acid solutions.
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in Chapter II, section 2(11); (B) aqueous solution of
(1™ CH4CO0K + 1n CHBCOOH). The results obtained, both
in agueous and non-agueous solutions, are summarised in

Table IV, sections 2 and 3.

Open-circuit decay behaviour: In the non-agueous

solution, an arrest is observed on open-circult decay but

. -2
the value of Cpax., (60 pF. cm.” ) is of the order of C3.1.°

flo residual potential is observed,
In the agueous solutlion, no arrest is observed and

Cmax. has a velue of the order of Dd.l.' The residual

potential in this case 1is 0.79 V, On forced decay from

this residual potential, two further arrests are, however,

observed, The values of Cmax. and chax. for the main arrest

Seem to depend on the initiel polarisation potential, Vi,‘

and are as follows (Fig. 36);
2

cmax. = 6500 uF, cm,” <;

Vepax, = 0463 Vs V; = 1.9V

it

Cmax. = 9000 pf, °m°-23 0.59 V3 V1 @ 2,5V,

chax.

The values of charges calculated for both of these

arrests are

> "'2

Ql = 1.024 mCo Cle (vcmax. = 0060 ‘!) ‘
-2 Vi = 2.5V

Qz = 00692 mC. Che. (chaX. = 0.25 V)

. -2

-r;Q--]; = 1.48
Qz '
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Filgure 36

Platinum in aqueocus (1 CHBCOOK + 1M CHBCOOH)
solution: CwV profiles calculated from curves obtained on

forced decay from the residusl potential:

@ Vi =2 109 V; Vres. = 1006 V;

Q vi = 2.5 V; Vres. = 0.9 Ve
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Forced decav behaviour: In non-agueous solutions,

on driven decay from anodic potentials arrests are obgerved
but the values of Cpax. (60 uF, cme™?) are found to be of the
order of Cd.l,‘ . On plotting icath. VSe 1/ 4 a straizht .
line 1s obtained the slope of which gives Q, the charge,

The Q has a vglue = 15 uC, em.~? (Fig. 37). Thus, in
non-aqueous solutions, very small values of C and Q are
observed.

.In Fig. 37, 2 plot of 1atn, YSe l/w'% is elso
shown, as previously, to euphasize the non-diffugion-controlled
nature of the transition time. Corresponding photographs
of the transients are also given.

In agueous solutions, however, when a cathodic
charging transient is applied to the electrode immediately.
after the cessation of anodic polarisation, appreciable
arrests are observed. In these solutions, cathodic chérging
curves were studied b& polarising the electrode to two initial
anodic potentials, (a) = 1,0 V, () = 2.5 V, in order to
distinguish charging processes assocliated with oxygenated
specles and with Kolbe specles in the presence of oxygenated

species.
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Platinum in very esnhydrous ("vacuum run")
1 CHBCOOK/CH COOH solution: vlots of i cath, YSe 1/
(o) and loa th, YSe 1/'1'5 (@),
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{(a) Initlal anodlc polarisation ﬁotential, V, = 1.0V

In this case, several slgnlflcanﬁ arrests were

observed., Two large and one small Cma are pregent in the

e

C-V profiles (Fig. 38) cdmputed from forced discharge curves.
The Cmex valueg for large capacity maxima range between

1250 pF. cm.”2 and 1500 pF,. om.”2 depending on 1 used

cath.
in the forced decay. The chax. values for the three capacity
mexima are 0.5 V, 0,225 V and 0,025 V respectively. An
increase of 1cath. has the effect of shifting one of the main
capacity maxima to somewhat higher values (Fig. 39) while
shifts in other cmax. and all chax. with increased icath.

show no regular trend. On plotting i .., against 1/

(e~ here refers to total time in seconds for all the observed
errests*), a straight line is obtained (Fig. 40) and U sl ?
as given by the slope of this straight line is 0.54 mC. cm.-z.
This Qtotal corresponds to three arrests and hénce to three

sub=values which are

Ql = 0.15 mC. Chlle (vcmax. = 0.5 V)
Q, = 0.22 mC. em.”% (Vg = 0,225 V)
Qy = 0,17 mC. em,™2 (Vg . = 0.025 V)

Qotay = Oo54 mC. em, "2

# a here refers to sll the arrests because at higher values of
icath,s 211 these arrests tend to merge to glve a single arrest,
This suggests that at lower 1} . mnultiple arrests are observed
for the same (or closely rela%ggy adsorbed specles, €.Z., two
arrests for oxlde on Pt are well known 1f the potentlals are
sufficiently anodic.
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i e

Platinum in aqueous (1M CHBCOOK + 1M CHBCOOH)
solution: C«V profiles as a function of charging cathodic

current density, i s for the adsorbed specles:
cath.

Vy =10V 140 (8. cmo™2):
o 1.02 x 10723
® 256 x 10'2;
A 4,15 x 107%;

o 5.88 z 1072,
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Figure 39

Platinum in aqueous (1K CHBCOOK + CHBCOOH) solution:
plOt Oi" Cm&x. 'V_;So 108‘&}:10 (vi = 1,0 v)c l
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Figure 40
Platinun in aquecus (1M CH,CO0K + 1M CH,COOK)
g : ,
£ solution: a plot of icath. VSe 1/ (V1 = 1,0 V),
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The Ql, Q2 and Q3 however merge at high 1cath. as mnentioned
previoualy.

(B) Initial anodic polarisation potential, Vy = 2.5V

In this case, ﬁhe arrests observed are more pronounced
than those in the case when vy = 1.0 Ve Corrsspondingly
higher values of pseudo-capacity and charge are found to be
assoclated with these arrests.

Two capacity maxima are observed with chax. = 0,5V
and 0,2 V, The values of Cmax. for the major arrest
(Vopag, = 0+5 V) range between 4500 uF. om.”2 to 5000 yF. om."2,

depending on the i h. used, Cn plotting 1cath; against

cat
1/ (where < is the total time in seconds for all the arrests),
a straight line is observed and Qtotal’ a8 given by the slope
of this line, is 1.8 mC. om."? (Filg. 41). This Q consists

of two contributions Ql and Q2 corresponding to the two

Chax, Observed. Values of the component Q's are

Ql = 1,17 mC, cm--z (chax. = 005 V)
Qz = 0063 mC. cm.-z (ch&x. = 042 V)

2

QUorgy = 18 mCe em.” © and Ql/Qz = 1,86

The C-V profiles, computed from the forced decay

curves, for a range of 1cath. values are shown in Fig. 42.
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Flsure U1

Platinum in aqueous (1M CHBCOOK + 1M CHBCOOH)
solution: a plot of lcatn, ¥8e M/ (Vy = 2.5V),
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Fipure 42

Platinum in aqueous (1M CH,COOK + 1M cxacooa)
solution: C«V profiles as a function of charging cathodic

current denslty,icath., for the adsorbed specles in the

Kolbe oxidetion: V, = 2.5V: 1. (in a. cm."2)s

cat
o 2.62 x 1072
° b,25 x 1072
A 6.04 x 10™2;

o 8.628 x 1072,
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Increase of 1cath. tends to shift both chax.
values to more cathodic values; one of the capaclity maxima
(chax. = 0.2 V) attains higher values with increasing
1 c;ath.’ while ‘the trend in the shift of the second capacity
maximum (VCmax. = 0,5 V) 1s difficult to establish (Fig, 43).

After establishing as in the previous cases that
Qtotal is independent of lcath. (Figs. 40 and 41), the rel-
ation between Q and V1 was exsmined, It was found that for
both_the'arrests, Q increases with increasing V1 up to 2,0 V
but above 2.0 V, Q becomes insensitive to any further
increase in vy (Fig. 44), 1In Fig. 4% a typieal photograph
of the transient is also shown. . The arrests can be éasily
identified as well-defined peaks on the differentiated forced
decay curves,

(d) Gold in Potassium Acetate-Acetic Acid Solutions

The behaviour of gold in: (a) non-adueous (CHBCOOK
in CE4CO0H) soiuthﬁs; (B) aqueous (033000K + CH;COOH)
solutions, on open-circult and forced decay was examined,

The resu;ts obtained are summarised in Table V, seection 2
and 3,

Open-circuit decay behaviour: In non-aqueous solutions,
an arrest ls observed on self-discharge of an anodically

polarised gold electrode but capacity values, computed from
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Figure 43

Platinum in agueous (1M CH,COOK + 1M CH4COOH)

V1 = 2.5 Ve

Plot of vcmax. vse 1

plot of Cmax.

Plot of Vo v, V8¢ Loaep,. (Second small Crax.)s

plot of Cmax.

Leath, (first large Cmax.)‘

V8e 1 atpn, (First large Cpax

)3

[ 4

V8e 1.a¢p, (Second small C ),
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Figure 4k

Platinum in agueous (1 CHBCOOK + 1M CHBCOOH)
gsolution: plots of & [for each of the two peaks {see
photograph) ] vs. Eqe

° for total charge
® for charge associated with the smaller pesk
X point for third peak seen at the lowest

current density,
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Table V

Behaviour at gold: potassium acetate-acetic

acid solutions,

B2
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these self-~discharge curves, are of the order of Cd.la‘

The residual potential is 1.28 V. On cathodlic discharge
from this residual potential, two arrests are observed which
manifest themselves as two capaclty maxima in the CeV profiles
calculated from these forced decay curves (Fig. 45), The

values of Cma and corresponding chax. are:

Xe

(Cpag )y = 1150 pFo o™ v, = 0.78 v

max.

(c = 2050 pF. cm.“zg v = 0,4y v
s Cmax .

max.)z

The value of Q, ... = 0,84 nC, em. 2, ;

In the agueous solutions, open-circuit decay transients
were very "noisy", (perhaps due to an oxide film of high
resistance; & brownish layer on the electrode could easlly
be seen visually), and hence were not recorded. Normally
the nolse level on the translents was =1 mV,

Forced decay behaviour: In non-aqueous solutions, on
driven decay of the potential of an mnodicslly polarised
electrode, significant arrests were observed., Very high
values of pseudo-capacity were obtained as shown by the C~V

profiles for a range of wvalues of i (Fig. 46). The

cath,

Cpax, Values range betwean 4000 uF, em.~? ang 8000 uF. om,”2
and chax values between 0,18 V' and 0.88 V, depending on the
magnitude of 1cath used in the cathodic discharge, Increasing

icath. shifts chax. to more cathodic potentials but the changes




- 132 -

Figure 45

Gold in nominally anhydrous (1M CHBCOOK + 1M
CH4CO0H) solution: C ve. V plot caloulated from the
pfofile obtained on forced discharge from the residual
potential,
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Figure 46

Gold/1HM CHBCOOK in CHBC‘OOH: C-V profiles as a

function of charging cathqdic current density, 1cath.’ for
the adsorbed specles in the Kolbe oxidation: 1§ cath,
(in a, em."%);

° 1,20 x 102

° 2.32 x 10735

a 3.86 x 10"2;

= 5,41 x 10”2,
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in the Cmax. values show no regular pattern (Fig. 47).

A plet of 1 .4\ V8. 1/ (where <~ here is the
transition time in seconds up to the main cmin.) gives a
straight line and Qtotai obtained from the slope of this
line 1s 0,687 mC. cu.”2 (Fig, b8),

Again the Qtotal is compound and the individual

component arrests correspond to the following charges:

Ql = 0061 mC. cm‘-Z; = 0.88 v

vcmax.

Q2 = 0,09 mC, CMo-zg = 0,3 V

ch .

, -2
Stotal = 0.7 mC. cm.

After establishing, as usual, that Qtotal was
independent of 1cath.’ the dependence of Q on Vl was investigated,
It was found that Q increased with increasing V1 initially but
at 1.9 V, Q began to decrease with 1ncreaslngvvi (Fig. 49).

In Fig. 49, a photogfaph of & typical transient is also showm.

In the aqueous solutions, the cathodiec transients
exhibited very large arrests. In the C-V profiles, computed
from the differentiated forced decay curves, at least two
capaclty maxima can be detected with values ranging from
1950 uF, ez."? to 43100 pF, cm.'zg depending on the magnitude
of 1oath. used in the transient (Fig. 50). Values of chax.
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Plgure b7

Gold/1K csaceoz{ in csacoo}a:
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Figure 48

Gold in nominally anhydrous 14 CHBCDOK in CHBCOOH

solution: a plot of 1°ath' V3. L/re
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Figure 49

Gold in nominaelly anhydrous (1N CHBCOQK in

CH,CO0H) solution: a plot of Q vs, E,.
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F;ggrg 50

Gold in aqueous (1M CH3COOK + QHBCOOH) solution:
C-V profiles as a function of cherging cathodic current
density, 1cath.' for the adsorbed speecies in the Kolbe
oxidation: 1.  (ine, cm.~2)

o 3.82 x 1072,

. 10.70 x 10™2;

A -2
21.65 x 10 3; Note: merging of

peaks at higher
o 1’6.69 X 10-2.3 c.d;'s.

S -
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also depend on lcath. and range between 1,08 V to 1.85 V,
Increasing Ycatn, Shifts Cpag, ©© hlgher values and VCmax.
to more cathodic potentials (Fig. 51). On plotting Leath
¥$e. 1l/r (e here is the time in seconds to the end of the:
main arrest), a straight line is obtalned, the slope of which
glves an average value of Qtotal = 2,5 mC, cm."2 corresponding
to the T used in the plot (Fig. 52).

The Qtotal 1s again compound and the two component

values are as follows:

Q = 1.0t mC, cm."?; =14 V.-

vCmax.

Qz = 1,52 mC, cm.'zg = 0,43 V.

vCmax.

" -2
Qtotal = 2.6“ mC, e¢n, ®

which is fairly close to the average value of Qtotal (2.5

1iCe . o rom the plot of lcath. VSe Lﬁf.

At certain values of i h. used, a third smell

cat
arrest can be observed around 0.004 V and Qy for this arrest
is equal to 0.41 mC. cm."2.

After concluding, as above, that Qtotal was independent
of 1sath. (Fig. 52), the dependence of Qotay On the initial
polarisation potential, Vi, was examined. It was found that
at low V, values Q increases with increasing Vyi at 1,65V,

Q decreases with increasing V1 but it begins to increase égain

at 1.95 V and continues increasing to wery high values with
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Figzure 51

Gold in aqueous (1¥ cnscoox + 1H CHBCOOH)
solution:
¢ plot of cmax. V2. 1cath.;

o plot of chax. V8. icath..
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Figure 52

Gold in aqueous (1M CHBCOOK + 1M CHBCOOH)
solution: plots of i
/0% ().

he Vs, 1/« {o) and 1cath. VSe
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increasing V,, €., 8.4 mC. em.™2 at 2.55 V (Fig. 53),
indicating probably the build up of a substantially thick
oxide film having more or less "bul k* properties (cf, section
2(11) b in this Chapter).’ In Fig. 53, a photograph of a

typical transient is also shown,

3. POTENTIODYNAMIC CURRENT-POTENTIAL PROFILES
(1) General

Potentiodynamic measurements (or "sweep" runs)

were carried out in order to obtain machine«~programmed curves
analogous to manually-obtained onrrentfpotenbial.relations.
The important distinction between the two types of measurements,
it may be recalled, is that potentiodynamic 1-V relations are
obtained under ccnditions where neither a steady-state nor a
steady current exists, whereas the manual 1i-V relations
usually correspond to a "practical" steady-state. Hence
potentiodynamic measurements yield experimental results which
require more complex kinetic analysis and ere only complementary
to the steady-state i~V relations obtained manually.
(11) Experimental Difficultles -~ An Analysis

In a potentliodynsmic run, the aim is to cbtain a
1.V relation in which charging peaks assoclated with adsorption
and desorption of intermediates oﬁ the electrode can be
observed in a well-resolved and reproduclble menner. In
several cases, these peaks are not true charging peaks,l.e,,

the peak currents are not true charging currents. In these
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Figure 53

Gold in aqueous (1M CHBCOOK + 1M CH3COOH) solution:

a plot of @ vs. E;.
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cases, the peak currents ere composite and #rise from .
contributions from Faradale processes for the overall resction
and a pseudo-Faradaic process of surface oxidation (ef, pl16),

In certain other cases, charging peaks corresponding
to two different psesudo-Faradalo proceases can merge into each
other, oompletel& or partislly, and create difficulties in the
interpretation of the peaks. This is particularly important
at high values of 4V/dt where potentials of Cpax, Of the pesks
can becomne drastically'dlsplaced.

In the presentation of results in this section, special
care hag been taken in i1dentifying true charging ﬁeaks and
separating them from any Faradelc reaction pesks. This has
been accomplished by making certein test plots which are
discussed at appropriate places in this seetion,

(111) E n Potentiod Current-Poten

Profiles

An experimentsl currente-potentlal profile under ideal
conditions (l.e., when welledefined true charging peaks appesar)
tends to resemble the schematic profile shown in Fig, 1.
Potentliodynanic profiles were examined in all types of solutions
studied in the present investigation, both on gold and platinum,
True charging peaks were observed only in the case of platinum

in aqueous (1M CHBCOOK + 1M CH3COOH) solution, In all other




ST

AR T e

NP it e na

- 145 -

cases, the peaks were associated with composite currents.
Gold electrodes in the three types of solutions investigated
gave peaks which were due to diffuslon~controlled currents

assoclated, perhaps, with anodiec dissolution of gold.

{(a} Rlatinum in Potaggium Trifluorcacetate~Trifluorcacetic
Agld Solutions

The results obtained in this case are summarised
in Tadble 1I, section 4, In completely esnhydrous solutions,
no peaks are observed, A hysteresis 1s obtained and
capacities associated with this hysteresis are of the order
°f Cau1.°

In nominally anhydrous sclutions containing,
presumably, traces of water, significant peaks are observed.
When a plot of peak current density ¥s. (dV/at)% is examined,
a straight line is pet obtained indlcating that the pesks

are not associsted with diffusion controlled currents

(Fige. 54). This conclusion is emphasised by the fact that

a stralght line is obtained when log (dV/dt) is plotted against

peak current density (Fig. s4). These results are thus also
consistent with the transition times discussed above for this
case, A further test was applied to ascertain whether the
peaks observed were true charging pesks. The e¢harge Q for
the mailn peak was calculated as a funotion of dV/dt, The

résults obtained are summarised below.
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Figure 5&

Platinum in nominelly anhydrous 1M KTFA in TFA
solution; plots of peak current vs. (dV/dt)% (o) and peak
current vs, log (dv/dt) (o), for anodie peak only.
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It is seen that Q depends significently on av/dt
thus showing that the peaks are associate& with composite
currents and are not in fect simple charging veaks, Hence
the @ and C values obtained from these peaks are difficult to
use for interpretation of the charging processes that may be
involved in the Kolbe electrosynthesis.

In solutions to which an excess of water (30% by
volume, 1M CFBCOOK solution in water) was deliberately added,
both anodic and cathodic pesks can be observeds A plot of
peak current density ¥s. (dV/ﬂt)% (Fiz. 55) shows that the cathodic
peek is cleserly diffusion controlled but ne conclusions can'be
drawm about the ancdic peak from this plot. When the apparent
charge Q@ under the anodiec peak is calculated as é function of
av/dt, the following results are obtained,

W/t (V_geo -1y Q (mC. em -22
0.155 1.67
0.618 1.12
1.545 0.56

It is seen that Q depends appreciably on daV/dt thus

showing that the ocurrents associated with the anodic peak are




-;1158-

- - PO $
B e e T

rigure 55

Platinum in 1M KTFA in TPA (+water) solutisn:

plots of peak current tg._(dV/dt)é, both for anodic (o) and
cathodic peaks (a),.

Note: The fact that the cathodlc line 1nd1cates diffusion-

control 1is anomalous; however, this behmviour may arise from

a diffusion controlled reduction of a trace by-product formed

in the anodic cycles 6? the repetitive sweep.
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not simply charging currents and hence C and Q velues caleulated
from this peak have no quantitative sign{ficance for inter-

pretations in terms of intermediates adsorbed on the electrode,

{v)

LZzperimentel results for this case are summarised

in Table III, section 4.

In completely anhydrous solutions, both anodic and
cathodic peaks are found to be diffusion controlled as shown
by the straight lines obtained when the peak cu;rent density
is plotted ys, (dV/d.t;)"5 for each of the two peaks (Fig, 56).

In nominally anhydrous solutions containing, presumably
traces of water, only an anddio peak is observed while the
cathodic peak is not well-defined. On plotting the peak.
current density against (dV/dt)é for this peak, a straight line
is obtained thus indicating that the peak currents are
diffusion controlled (Fig. 57).

In solutions containing excess of water, both anodic
and cathodic peaks are found to be diffusion controlled (Fig.
58}e These effects are believed to be due to dlssolution and
redeposition of Au ions under the eyeling conditions where a
protective oxide film does not have an opportunity to be
Tormed under steady d.c. ficld growth conditions.
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Figzure 56

Gold in very anhydrous 1¥ KTFA in TFA solution:
plots of pesk current vs. (av/at)%, voth for anodic (o)
and cathodic peaks (A).
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F;. gure 58
f Gold in 1M KTFA in TFA (+ water) solution:
S .
% peak current vs. (dV/dt)% plots, both for anodiec (0) and
cathodlic (A) peaks,
1
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(c¢) Platinum in Potassium Acetate-Acetic Acid Solutions

Potentlodynamic 1~V relations were examined both
in completely non-aqueous (under "vacuum") solutions end in
aqueous gsolutions, The results obtained are summarised in
Teble IV, section 4.

In tﬁe-gggpaqueous solutlions, no peaks are observed;
only hysteresis is exhibited. The plot of “peak!" current
(measured at the centrs of the hysteresis region) TS,

(d?/dt)é gives a stralght line (Fig. 59). Capaeity values,
calculated at the point of maximum hysteresis, are of the order
of Cd;l. at all sweep rates,

In the agueous solutions, well defined anodic and
cathodic peaks are observed. When peak current density is
plotted against (dv/dt)%, no straight line is obtained thus
indicating that the peaks are not due to diffusion-controlled
currents. A plot of peak current density vs. (dV/dt)%
for the largest peak is shown in Fig. 60. The charge Q
under a particular peak was calculeted as a function of aV/dt
and it was found that Q depended only slightly on av/dt for
each one of the peaks obaerved. This shows that for all
practical purposes, the peaks obtained in this case can be

treated as true charging peaks, -
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Figure 59

Platinum in very anhydrous ("vacuum") 1M CHBCOOK
in CHBCOOH solution: a plot of “peak" current (calculated
at the point of maximum hysteresis) against (dV/dt)%.
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Figure 60

Pletinum in aqueous (1M CHBCOOK + 1M CHBCOOH)
solution: a plotef peak ocurrent against (dv/dt)®.
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The general shape of the profi;e is similar to thet
ghown schematically in Fige 1 for Pt in H280u solutions,
The peaks obteined, and the potentials at which the pesks
appear, are sinilier o tﬁosa obaearved at Pt in HZSQA' In
Fig. 61, potentiodynanlic iV profiles obtained on Pt in agueous
acetate solutlons et three aveep rates are shown: also for
the purpose of comparison, a potentiocdynamic 1wV profile for
Pt 4in B,80, (63) at & comparabie value of (av/as) is also
shown in this Tigure. The 1-V profiles in Fige 61 are the
ones obtained by scanning the electrode potentiodynamically
between -0.02 V and +1.86 V3 1t is to bs noted that the
potiential reglion in which g Faradsaic Kolbe reasction ocours
( >ga. 2.1 V) has purposely not been scanned, Potentlodynamic
profiles for the potential renge =0,06 V to +2,6 Vy 104,
& renge which also covers the potentisls over which the Eolhe
reaction is lmown to oceur, sre showm in Fige 62 for geveral
sweep rates, Tﬁe péaks, and the potentials st which the
peaks appear, are identical in Fig. 61 and Fig. 62, The
only difference between the curves in the two figures is thet
the ones in Fig., 62 are over a potential range in which overall
Faradalc processes occur end exhibit kinetic hysteresis in the
potentiel region 2,0 V to 2.6 V,

The behaviour in Fig, 61, in which peaks Tor Pt in

ﬁotasslum acetate and sulphuric acid solutions are compared,
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Potentiodynamic profiles: "Kolbe reglon®
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strongly suggests that the peaks for Pt in acetate solvtions

are "modifled" peaks for oxyzen and hydrogen deposition and
desorption processes.
oxide reduction charge, (Q,)

hydrogen deposition charge, (QB) for the
various cases ctudied are az follows:

The ratios

Table VI

Q
Case Potentlal range 4V/dt (V sec,”l) 2
B
Pt in ag. CH4C00K =-0,03 V to 1.86 v 3.78 1.566
Pt in aqg. CHBCOOK -0.06 to 2,6 V 3.78 1.514

1t 1s seen that the ratio of Q,/Q; for platinum in
agueous CHBCOOK solution 18 the same for the same value of
dv/dt and is independent of whether the Faradale Kolbe regioh
is scanned or noﬁ. However, the ratio QA/QB for platinum
in H,S0) solution is substantielly higher (by 58%) then that
for Pt iIn acetate solutions,

The ratio QA/QB for potassium acetate solution as
obtained from cathoiic transients is 1.85 (Vy = 2.5V), It
is gratifying that this value of QA/QB i1s 1dentical with the
value obtalned potentiodynamically in petassium acetate
éolution at a sweep rate of dV/dt = 0.73 V sec.™~.

R e v mm e
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The velues of the pseudo-capacity maxima are
sunmarised in Table VII, h

The value of Cm . for the oxide reduction pesXk in

ax
the cace of Pt in H,50, is 4802 puF, em.”@ which 1s almost

twice the value qf Cm for the oxide reductlon peak

8.X e
"obtained for Ft in CHBCOOK sclutlion at comparable dV/dt values
(,,Qﬁo 3.6 v sec.'l). The Cma

peaks is 2933 pF, cm. ™2

Xe value for hydrogen deposition
for Pt in stou as coupared with
249% pFo en."% for Pt in aq. CH,C00X solution for a compareble
value of aV/at (gs. 3.6 V sece™l): These data show that the
Cmax. value for the oxide reduction peak at Pt in stou is elmost
gnlgg-the value for Pt in eq, 033C00K solution, However, the
Cmax. value for hydrogen deposition ﬁeaks in the two cases are
of comparable magunitude for the same range of potentials scanned
and for éimilar sweep rates.

It is interesting to examine the depen&ence of C

08X,
and V, Tor the peaks on dV/dt. It is found that with

1ncreazzgé dv/dt values, the cathodic peaks are shifted
sonewhat to more catnedic potentials and anodic veaks to
slightly more anodic potentials (Fig. 6l)s When a potential
range of only ~0.03 V to 1.86 V is scanned, an increase of
av/dt shifts Chax, T &lizhfly lower values (Table VII ),
Eowever, for the potential range ~0.,06 V to 2.6 V an incresase
of dV/dt shifts cmax. to gpprecgjably lower values.

In Fig. 83, photographs pf some of the experimentally-

obtained potentliodynamic profiles are presented,
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Table VII

Vslues of cmax. and Q calculated for wvarious

peaks observed in potentiodynamic profiless

(A) platinum in (1M CHBCOOK + 1M CHBCOOH) in water;

(B) platinum in 1M stou solution.




Table VII

(A) Platinum in (1M omunoow + 1M omuaoomv in Water

V range scanned av/as C (uF. cme™2) Q (mC. em.™%)
(V sec.™1) max, P
Oxide H oxide | ¥ Joxide reduction
reduction peak |[deposition reduction eposition sm
_peak ) deposition
=0,03 V to 1.86 V 3.024 2647 wmum 0.94 0.55 1.69
" 3.78 2537 2l94 0.84 0.54 1.57
b 4,536 2400 2378 0.80 0.52 1.54
" 0,798 4806 2803 1.26 0.74 1.71
" 1.064 3003 2928 1.3 0.79 1.67
(3) Platinum in 1# mwmop solution
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Figure 63

Some experimentally-obtained potentiodynamic
profiles:

(1) av/at = 3.6 V sec.™!;

(11) dv/dt = 3,78 V sec.™ 1y

(111) 4v/dat = 0.80 V sec,~t,

N oo




(i) Pt in M HZSO4 (0.0V—1.8V)

(i) Pt in aqu. (IM CH3COOK+ IMCHscOOH)(-0.03V—I.86V)

(in) Pt in aqu. (IM CHSCUOK + IMCH3COOH)(-O.06V-~ 26V)
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(d) Gold in Potassium Acetete-fAcetio Acidd Solutions

Anodic dissolution of golq conld be visnally
observed both in agqueous 2s well &8s in non-agueous solutions,
Potentiodynamic studies were not carried ovt in this case
since anodic disgplution of gold would lead to complex
currents 2s in the case of gold in potassium - trifluvoroacetate~
trifiuoreacetioc macid solutions (Table III, Section &) discussed
previously, Again the cyclic treatment presumably prevents
the onset of passivation which requires a steady snodic current

for anodic barriler-layer film formation.




CHAPTER IV

DISCUSSION

1. GENERAL
(1)  Introduction

The aips of the present 1nvest;gation have been to
provide new information which may ass;st elucidation of the
mechanism(s) of the Kolbe reaction by treating it from the
point of view of a heterogenecus catalysed electrochemical
reaction, The emphasis in the present work has been to
examine quantitatively schemes of consecutive elenentary
processes that might be involved in the overall two-electron
Kolbe reaction. This approach necessarily requires a thorough
study of the behaviour of intermediates thet might be adsorbed
on the electrode, and involves examination of the electrode
coverage and potential-dependence of the coverage of the
electrode by such intermedlates, ' |

Earlier attémpts at elucidation of the mechanism of
this reaction involved rather empirical conclusions based on
the technigues and principles of organic chemistry supplemented
by an anelysis of the products of electrolysis (7-10, 12, 13,
17, 19=27). However, some studies on the Xolbe reaction from
the point of view of relating the above types.of observation
to the basic electrochemical kinetics of the reaction have

been reported only recently (2,3), However, both these
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investigations (2,3) were carried out under conditions of
controlled-current polarisation., In theljresent investigation,
controlled-potential techniqueas (both potentiostatic and
potentiodynamic) have beeh employed and are to be preferred
to galvanostatié‘techniques for reasons discussed in Chapter I,
section 3, Also, the role of surface oxides that might be
co-adsorbed on the electrode with the Kolbe ad-species when
traces or excess of water are present in the solutions, has
been examined systematically in the present work in relation
to the kinetics of the overall Kolbe process, In short,
modern electrochemical approaches and quantitative ideas of
electrode kinetics have been brought tc bear on the problem

of the mechanism of the Kolbe reaction,

In the second part of this section 1, some elementary
thermodynamic aspects of this reaction have been examined, In
sectlion 2 of this chapter, a discussion of some 1nterpretat1ons
of the various qﬁéntifies and plots presented in Chapter III
1s presented and some cérrelatlons between the predictions of
electrode-kinetic theory and the relevant experimentally-
agcessible parameters are proposed.

In section 3 of this chapter, mechanisms for the
Kolbe reaction both at Pt and Au in various solutions, are
proposed, These mechanlistic proposals are based on the ideeas

té be developed in section 2 of this chapter,




Before examining the detailed kinetics of an electrode
‘Process, it is useful to know something about its thermodynamic
behaviour, aore.specifically, it is sumportant to establish,
¥hen possible, if the standard reversible potential E° for
the overall reaction of interest 1lies within the range of
potentials usually accessible in the laboratory, Thus, the
£° has been calculated for the Kolbe reactlion in potassium
acetate solutions; relevant thermedynenic data for evaluation
of E° for the Kolbe reaction in potassium:brifluorcacetate
solutions is, unfortunately, not available in the literature,

The standard reversible potential (on the hydrogen
scale) for the overall XKolbe reaction in aqueous potassium |
acetate sclutlons may be calculated as follows:

The overall reaction iss

- + . .
2 CHBCOO + A2H :;za-cehé + 2002 + H2 (a)

end may dbe regarded ag consisting of the two clementary reactions:

2CH,4COCH T=CLE, + 200, + H, (v)
and S R

zcs13coo" + 28— 20330005 {c)

. - .

2CH,C007 + 207 == 021-15_ + 200, + H, (a)
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From Tables (64), the following data may be obtained
for the standard free energies of formation¢ﬂcg of the
specles involved:

AGE (200,) = 94,25 x 2 = -188.50 keals,

A G (CyHg) = =7.8 koals,

AGY (2CE,CO0H) = -187,6* keals,

X
Also the pKA for the reaction CHBCOOH' __é:~H+ +
cx3coo‘ is equal to 4,756 and writing
~C
Ac, = -RT1nK,
= 1498 x 298 x 2,303 x 4,756
= 6,46 keal, mole™t.

From the above data, the following quantitles may
then be obtained:

AG® for reaction (b) = =8.72 keals.

AG° for reaction (e) = =12,92 koals,

80 that
AG® for reaction (a) = =21.64 koals,

¥#The figure used here actually refers to thedﬁGg for formation
of 2CH3COOH ligey no figure being given for the standard state
agqueous solution. However, from the known heat of formation
(64) in aqueous solution (undisscclated state), we conclude
that the AGR for formation in aqueous solution would not differ
from the value quoted by more than ga. 0.3 keal. mole-l,
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With the well known relation

NGO o -zFEI‘; or E§ s «AGP/zF

and calculating the Eg for the halfw-cell reaction 2e¢ + o,
+CoHg <==22CH,C00" on the hydrogen scale, we then obtain

50 %"W,M
8o that the standard reversible potential for the Kolbe
reaction in aqueous potassium acetate solutions = -0, 469 V
(Stockholm Convention).

This value of Eg shows that the Kolbe reaction in
acetate solutions should tend to proceed within the range of
potentials easlly attainable in the laboratory., However, in
practice the Kolbe reaction does not begin to proceed at an
appreciable rate (ca., 5 x 1074 a.cm.~%) unt11 potentials of
£a. 2.2 V are attalned, so that a large overpotential is nornally
involved., Even though the relevant data for calculation of
the reversible pofential for the Kolbe reaction in potassium
trifluoroaceéate solutions are not available, it seems
reasonable to assume that Eg for the reaction in this solution
is not very different from the E§ for the analogous reaction
in potassium acetate solution. Thus, the potential at which

the Kolbe reaction in potassium»trifluoroacetate solutions

begins to proceed at appreclable rates is found to be quite
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close to that for the reaction in potassium acetate solutions.
Also, on general chemical grounds, the staﬁdard free energy
for the reaction of type (a) but with CchOO', would not tend
to be very different from.that for caacob‘ since only C«C
btonds are broken.and re~formed in the reaétion. The presence
of the 3F atoms will have, however, secondary inductive effects,
particularly in the pK, value so that AG° for reaction (c)
will tend to be sevemal kecal. mole~! less negative.

It is important to emphasize that the Eg for the

overall reaction:

2CH,C007 + 2H' —=>C,E, + 200

is the same at all anodes. However, the values of the

2 + K

29
exchange ocurrent density, i, may differ substantially at
various types of ancde for normal kinetic reasons. For a
serles of metal anodes, this 1° value may be different because
it is indirectly relaééd to the work function, ¥, for a given
metal, The dependence of energy of adsorption of a particular
adsorbed intermediate on the work function ¥ for the adsorbent
metal can gilve rise to differant 10 values for a series of
different metals [gf. the case for hydrogen evolution and
adsorption ], Thus, coverage effects determine, in part
L65,66], the Tates of electrode processes at the reversible

pbtential. The same considerations also apply to the rates
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of electrode processes at potentials furthgr removed from the
reverslble potential, This concept is one of importance in
considering the different rates of the Kolbe resoction (or any
other electrode reaction for that matter) at a given overe
potential for a series of metal electrodes studied under
otherwise identical conditions. In previous studies of
organic electrode processes, the relevance of these rather
fundamental factors in determining the influence of anode
materlal on the rate of the reaction has not usually been
vonsidered.,

The Eg velue for reaction (2) in non-aqueous medium
{pure CHBCOOH as solvent) will differ from that caleculated
through the difference of ionization constant of acetic acid
in water and in i1tself as solvent, but the actual value of the
reversible potential egeinst the hydrogen elect:ode in the
Same solution, where & + is determined by the idnization

equilibrium, is identical with the vslue in aqueous solution.
2, SIGNIFICANCE OF THE EXPERIMENTAL DATA IN RELATION TO
ORIES OF T P

In this sectlon, some of the mein principles of
interpretation of the experimental data (presented in Chapter

III) are first discussed.
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(1) Kinetie Analysis of the Steady=-State Current-

The Tafel slopes, b, obtained from the currente-
potential relations have been used as diagnostie criteria for
mechanisms of electrode reactidns for mahy years, In some
of the earlier studies on'the Kolbe reaction (7-10, 12, 13,
17, 19-27) end even in mors recent ones {11, 14, 60), currente
potential relations were reported without discussion of their
kinetic significance. Dickinson and Wynne-Jones (3) were the
first authors to discuss currentepotential relations in terms
of electrochemieal kinetic perameters, e.,g. the b values, and
in terms of coverage effects in the Kolbe reaction. However,
these authors did not discuss the disgnostic significence of
b values in proposing a mechanism. Such an attempt was made
by Conway and Dzieciuch (2). 4

Before presenting a sequence of elementary processes
that might be involved in the overall Xolbe reaction, certain
other featurés of the steady-state current-potential plots
must be noted.

When a currente-potential relation is obtained
potentiostatically as in the present investigation, a steep
rise of potential at a given value of current (i.e., &

"transition region") can correspond to either a range of -
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potentials over which the electrode is being covered by some
adsorbed specles, or a region of potentiai where some
alternative reactions are proceeding,. If a Tafel line is
obtained in the post—tranéition region, 1t can often be
assumed that (gf. 67) an overall Faradaic process which this
Tafel line represents 18 proceeding on an electrode covered
by adsorbed intermediates. An hysteresis between the ascending
and descending curves of a (potentiostatic) current-potential
relation suggests the presence of an irreversibly adsorbéd
electroactive species, If any rest potentiel (defined in
Chapter IIi. section 2) is observed, this again can indicate
involvement of some adsorbed intermediates,

In general, most electrochemical reactions, except
perhaps one-electron ionic redox processes, prdceed by at -
least two consecutive steps, It is unlikely that the Kolbe
reaction which involves two 1lons, decarboxylation, coupling
end transfer of two éiectrcns for one act of the overall
reaction takes place 1h one step; 1t must proceed through a
sequence of consecutive elementary processes. A discussion
of such a scheme together with its kinetic consequences based
on the considerations developed by Conway and Dzieciuch
(2,6), is presented below. -
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In the overall Kolbe rezetion

a sequence of the following consecutive slementary steps® may

be envisaged:

Rcoo”™ E—— RCCO (M) + e (B)
RCOO® (¥X) —> BRB* (M) + co,, (¢)
R*(#) + 8* (B) —>ReR (D)
or RCOO® (M) + RCOO* (M) —> RaR + 2c0, (D)
or RCOD® (#) + R® (M) — ReR + co, (Dv)

and aiternatively

BCOC* (M) + HCOO™ —_—>

4v]
{4
)
13

2+ 200, + e (&)
or '
R* (#) + BCOO™ TT> ReR +CO, + o (E?)
Step B ;n the above scheme represents fhe initial
discharge of‘the carboxylate lon on the electrode to give an
edsorbed®® LCO0° radical; thls step is usually referred to

® A number of other side~reactions such as formation of 3H by
atom abstraction or formation of asters by reaction of R with
ACC0°® may also oceur (25), However, in most of the present
work conditlions have been chosen to minimize such processes

(Q{. 2)0 '

#%*This factor of gdgorntion of the intermediate specles 1s one
that hes not always been appreciated by organic chemists who
have studied the Xolbe reaction. Thus the reactivity of such
specles when adsorbed must not bve confused with the supposed
high reactivity of such species in homogensous solution (£8),
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as the "discharge step", Step C 1s a heterogeneous catalysed‘
"chemical step" of production of R* from RCOO® on the electrode
surface; this stép is chemical becauss no charge transfer
acress the metal=solution interface is involved. Steps D,
D', D" are kinetiecaslly (but not chemicelly) equivalent since
each one is a "recombination step", l.0., it involves re-
combination of two radicsels, the identity of whieh it is
desirable to gstablish from other evidence, Steps E and E¢
are again kinetically equivalent; E or E' will be referred
to as "electrochemical desorption step" (or "radical-ion
reaction’ in the terminology of Parséns),

In the overall Kolbe reaction, carboxylate radicals
nust be produced in a "discharge step" and perhaps decompose
in a subsequent "chemical step" to give R®, Fdr the production
of the Kolbe products, l.e,; R=R + coz, the radiecals thus formed
on the electrode must be removed from the electfode by coupling
through either a "recdﬁbinatlon step"” (D or D!, or D") or an
"eleotrochemical desorption step" (E or Ev),

For simplicity of discussion, the kinetically
indistinguishable steps in the shove secheme will be ignored

for the time being, The above scheme 1s then reduced to:

RCOO™ <—— RCOO® (M) + e

RCOO® (M) —> R* (M) + C02

R* (M) + R®* (M) —> KRR

B U o uw

R® (M) + RCO0OT — R~R + CO2 + e




The problem now is to examine the kinetic con-
sequences in terms of Tafel slopes and coverage effects for
the poésibility of each one of the above steps being the ratee

determining step (r.d.s) in the above sequence of consecoutive '

processes constituting the overall Kolbe reaction.

The derivation of Tafel slopes for this scheme has
been discussed previously (2,6) and the procedures fof
derivation of Tafel slopes for any general case have already

been reviewed (34,40). The theoretiocslly-deduced values

(2,6) for the present scheme are summarised in Table VIII,

Table VIIT
TeleSe Tafel slope Limiting Conditions
i
B 28T/F Rate constants for the following |
steps relatively large so that i
®rcoos —> 0
(b) Limiting current |(b) ®rcop® —>1 and potential- ;
independent. |
D (a) =e/F _ (2) B emd C in guasi-squilibrium
“ and coverage by R® potential-
dependent, i
: () Limiting ocurrent |(b) ©5.—>1 and potential- :
) independent,
E . (e) 2RT/F (a) B and C in quasi-equilibrium
. and GR‘ —>1 and potential
independent. :
(v) 2RT/3F (b) One potential-dependent,
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The Tafel slopes given in Table VIII are the limiting
values derived by assuming Lengmulr conditions (69,70).
The corresponding Tafel slopes under conditions whers coveragee-
dependence of activation energies (69,70) must be included.
in the kinetic eguatlons: have not been included in the table;
the reason being that the values of Tafel slopes obtained in
the present investigation are in general > 2RT/F and are hence
beyond the range of application of the treatment for Temkin
conditions which always gives b values less than 2RT/F.

The Tafel equation for an anodie reaction (eqn. 2)

is
N= a+bln i , (2)
where a =(RT/aF)1n [1¢ (1-0)],
b = RT/oF

and 0 1s the transfer coefficient depending on the symmetry
factor § and the reaction mechanism (71);: E maj be defined
(71)* as the fraction of the total metal-solution potential
difference through which change nust formally pass before the
transition state is attained (work dene in the reaction after
the reacting particles have passed the transition state does

not affect the velocity of the regction). For an elementary

#0ther definitions of £ have been considered elsewhere in terms
of potential energy diagrams, and are equivalent under certain .
conditions (40) (see below),
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reaction involving transfer of one electron, the Tafel slope

b can be written as

b = BRT/EF

and £ 1s usually near 0.5 (but. see speclal cases discussed

below),

The definition of P given above (68) is due to
Bocokris and Potter. ‘The more generally accepted (40)
significance of £ 1s that £ is : simply a charge-transfer
symmetry factor and has a value = 0.5, assuming a gymmetrical
barrier at the metal-solution interface. The qﬁantity defined
as B by Boeckris and Potter may be referred to as an “effective®
symmetyry factor (referred to the total netal-solution
potential difference). This "effective" symmetry factor
1is | 1dentical with the simple charge transfer symmetry factor
F only for a simple discharge step, and each thas a numerical
value close to 0.5 in the absence of any adsorbed barrier
layers across which & part of the total metalesolution
potential difference may operate, If thin and moderately
conducting barrier-léyer films are involved at the interface,
part of the total metal-solution potential drop falls across
this film (72,74) and part across the ionic double-layer,
through which the ion discharge takes place. This latter

process theh occurs with an effective symmetry factor (réferred
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to the total metal-solution potential difference) which can
be less than 0,5 and may be as 1ow 88 0,25 « 0.2 depending
on the properties of the electrode metal and the barrier
£iinm (73), This matter is of importance in explaining Tafel
slopes which are higher than 2RT/F,

Thus, vaiues of the effective symmetry factor less
than 0.5 can arise and lead to an explanation of slopes
greater than 2RT/F whiech often arise in anodic processes,
Tafel slopes greater than 2RT/F have been observed in the
present investigation and suggest the presence of_some
adsorbed barrier-layer films on the electrode, fhese high
Tafel slopes for the Kolbe reaction’were also observed by
Conway and Dzieciuch (2,6) in their galvenostatic studlies on
thls reactlon. At the "valve" metals (Ta, 2r, Ti, A1), much
thicker barrier films of oxides can be formed and most of the
total metal-solution potential drop ocours aoross these'fllms
Biving rise to extremely high Tafel slopes (74,75).

Returning to the disecussion of the scheme of elementary
steps on Pe|74p 1t 18 to be noted that an important consequence
of the above scheme in terms of coverage effects is as follows:
1f the discharge step B is rate-determining (i.e., if it has
the smallest rate constant), all the subsequent steps (i.c.,
the steps involved in the removal of the discharged RCOO*)
will tend to-have apprediably hlgher rate constants with
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coverage of the electrode by RCOO® consequently approaching
zZero, However, thls does not imply that-the electrode nay
not be covered by some species adsorbed by the electrode from
the ambient solution by a chemical catalytic process, If
any step other than the discharge step B is rate-~determining,
partial or compiete electrode woverage should usually be
observed in the complementary transient studies, assuming
that the adsorbed species is electro-active, i.e., if it can
undergo & more or less reversible electron transfer reaction,

(11)

For complete elucidation of the mechanism of en

electrode process, the kinetic analysis given in (1) above
must be supported by knowledge of the identity end nature of
any adsorbed intermediates. However, in electrochemical
measurements the jdentity of the adsorbed specles must be
deduced indlrectly from the data obtained in various none
steady-state meassurements (presented in Chapter IIl)., For
exemple, the types of ad-species involved in hydrocarbon
electro-oxidation havé Tecently been deduced by this approach

using the potentlodynamiec method (76). Here a brief discussion

of some of the general principles.involved in the elucidation

of the identity of the adsorbed species is presented, Any
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conslderations of a gpecial nature that may}arise in the
course of disocussion of actual reaction mechenisms (section
3 of this Chapter) will be developed at the appropriate places.
It must be stressed, however, that identiflcatlion
of adsorbed spec}es by purely electrochemical charging studles
can never be chemically certain., Only by using several
somplenentary electrochemical approaches for a given reaction,
can such methods be of some value. This spproach has been
used in the present work, Further eluclidation of the ldentity
of adsorbed specles may be obtained in favourable cases by
use of ¢¥ - 1abelled reactants, Work of this kind has
recently been initiated in this laboratory. However, even
this method is not entirely unambiguous since ions specifically
adsorbed in the double-layer cannot be dlstinguished from
chemisorbed species which may arise from discharge of the
fons. Alternstively, substitution or addition reactions
which the adsorbed species can undergo with an added substrate
molecule, €.8.s trinitrotoluene in the case of the acetate
Kolbe reaction may be indicative of the nature of the specles
involved. Such information cannot, however, give an
indication of relative coverage by the species, only of the
relative reactivity of the ad~species in the overall
consecutive series of reactions with respect to the reactivity

with the added substrate.
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The following, then, are some of the general
approaches used in identifying the ad-spedies in the present
investigation,

(a) Potential of Commencement of the Tafe] Region

In a potentiostatic steady-state current-potential
curve, the potential at which the Tafel region commences in
relation to the behaviour of the Tafel line for a known
process may enable some preliminary conclusions to0 be made,

The Tafel line for the Kolbe reaction on Pt in
aqueous solution of XTFA + TFA commences above 2,1 V suggesting
that in the part of transition region from 1.7 V (which is
approximately the potential at which the Tafel region for
oxygen evolution in acid solutions normally arises at e.d.'s
of ca. 1076 a.om.™?) to 2.1 V, formation of some adsorbed .
intermediates (possibly CP30000 or CFB.) has perhaps taken
rlace. However, the possibility of oxidation of trace
impurities or the occﬁrrence of alternative (side) resctions
in this potential range must not be ignored. The current
densitles involved here are,however, too small to allow
coulomblc analyses to be made.

(b) Rest Potentisal

This is e gualltative guide to the identity of the
specles thatvmlght be irreversibly adsorbed on the electrode (cf.91),
e;g., if a surface oxide is the only species adsorbed on the
electrode, then the rest potentia; usually approximates to
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the reversible potential for the oxygen evoiution reaction,
l.e4y 1.23 V or some related mixed potential. This 1s

found experimentally, e.g., for the case of oxygen evolution
at anodes of Pt or Au when the electrodes are left on open-
clrcuit even in N2 containing solutions. If oxide were
covering only paft of the electrode surface, and the remainder
of the surface was either bare or partielly covered by a
specles formed in a reaction with a much lower reversible
potentlial, the experimentally observed rest potential could

be a mixed potential and could arise roughly between 0.8V
and 1.3 V, depending on the proportion of the eléctrode surface
covered by the oxide. In the present work, this rest

potential, 1t must be noted, has been treated in a purely'

emplirical manner,

(¢) Residual Potentisal
The residusl potential observed on open-circuit

e.m.,f. decay has a significance similar to that of the rest

potential.,
(d) Inhibition Inflection

In certaln organic oxidations, a characteristic
inhibition inflection is observed in the current-potential
relation (62). If a linear logl current]-potential relation
beyond ﬁhis passivation bend 1s observed, it ecan indicate.

that either (a) discharge can occur onto the layer of
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inhibliting species after that layer has beeh formed in the
steady~-state to an appreciable extent of coverage, or (B)
a new mechanlsm ean arise as the potential is made more anodic
(62).  In the present investigation, this inhibition
inflection has been observed 1n-the'current-potential relations
for gold in nomiﬁally anhydrous solutions of XKTFA in TRA
(Fig. 12), Vhen coupled with other evidence (see below),
this inhibition bend can be useful in indicating whether an
inhibiting svecies is co~adsorbed or not.
(e) Magmitudes of Q and C |

The magnitudes of Q and C caleulated frbm discharge
transients or potentlodynamic profiles, can, in some cases, be
a useful guide to the identity of the adsorbed species.
Experimentally determined Q values mey be compared with
theoretically estimated values of Q (38,39,41,51,71) cor-
responding, for example, to a mcnolayer of R*, RC0O® and/or
oxlde. It is not difficult to estimate to within an
uncertainty of 20% (or better in some cases) the values of §
corresponding to a monolayer of R*, RCOO*, oxide etc., by
assuming a simple model of closed-packed spheres and a
plausible roughness factor for the electrode surface, which

can often be supported by determinations of the electro-

chemical E accommodation on the same eleotrode, The most

probable orientations of these radicals on the electrode surface
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should also be teken into account,
(f) at

Experimental determinations of Q and C in very

ahhydroua solutions and then in solutions containing varying
amounts of water may lead to some estimate of the Q and C
values attributable to oxlde'only in those solutions where (o)
water is present and (B) co-adsorption of oxygenated species

ié shggested by other evidence,
()

In the C-V profiles, the values of V, (Cees
naXe
Fig. 27) observed correspend to the potentials of arrests in
the respective cathedic discharge profiles. Thus chax values
can be helpful in the identification of the adsorbed speciess
v
SeBey 1T Cma .
of an oxide would seem to be indlecated,

(n) Effect of 1_%

The effect of 1cath. on cmax. and Vc <. ney elso be

lies in the range 0.5 V =« 1,0 V, the presence

'on the C=V Profiles

of value in the identification of an adsorbed species. Thus,
it can be shown theoretically (46) that for an irreversibly-
adéorbed electroactive specles, increase in 1cath. used in the
cathodic transient should shift Cméx. to higher wvalues and
chax. to more cathodie potentirls, This effect arises -
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becanse the capacity measured in a constnnt current charging '
process is not necessarily the "equillbrium capaclity", 1.e.,

1t is not the value of capacity that would cerrespond to the
value extrapolated to zero a.c. frequency if the capacity
measurements were made by an a,c, method, In d,c. measurements
of capaclity, as ﬁsed in the present investigation, a concept

of "equivalent frequency” 1is applicable, as discussed by

Conway, Gileadi and Kozlowska (46), and a theoretical

treatment predicts the shifts in Cmax and ch valueé with

4 88X,

varying 1 This effect has been to some extent

cath,® )
experimentally confirmed by the small anount of data which,

at present, exists in the literature on irreversibly adsorbed
specles (46). In the present 1nveétigation, shifts in the
values of cmax. and chax. agree with the theoretically predicted
trend only in those cases where presence of one adsorbed

specles ls unambiguously indieated. An example 1s the case

of gold in very anhydrous solutions of 1M CFBCOOK in CFBCOOH
where the only adsorbed species is believed to be CFBCOO'
(Flg.26,27); again, in the case of gold in agueous solution of

1M CHBCOOK + 1¥ CFBCobﬁ, ocxygen evolution is the only Faradaic
process so that the only adsorbed speciles is believed to be

the oxide, In @ll other cases studied, the effect of icath.
on C ax. shows no regular trend which suggests empirically

that in all these cases, more than one species may be adsorbed

*This variation of VC with 1cath can in fact be another
characteristic of the type of ad-species involved (see p.216).
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on the electrode and hence causes more complex behaviour to
arise. This empiricel conclusion is of Some value, when used
in conjunction with other types of evidence, in indicating the
ldentity of the .specles adsorbed on the electrode. ,
(1) Potentisl of Peaks in the Potentiodynamic Profiles
The pétentials at which the peaks appear in the
potentiodynamic profiles can be indicative of the identity of
the adsorbed species, especially if the profiles have been
obtained at slow sweep rates. For instance, the peak for
the reduction of the adsorbed oxide on Pt appears around
0.6 V and the two peaks for hydrogen deposition between +0.3 V and
0.0 V. . The significance of potentlials at which the peaks
appear 1n the potentiodynamic profiles is, in principle, the
same as that of Vepay, 118 the C-V profiles calculated from |
the cathodic transients. In the potentiodynemic method, this
argument will only apply to peaks that can be Justified as
being associated"with'charging processes (see p. )6 ).

(J) Q_vs, Rate Relations

The principles involved in interpretation of such
plots are briefly as follows: (a) If increased g_values
correspond to decreased rates, Q 1s probably associated with
an inhibiting, co-adsorbed species, (8) If this Q is associated
with an 1nhib1ting specles and 1s observed only when some
water is present in the solutlons, the inhibiting specles must
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originate, directly or indirectly, from water. (Y) Ifﬂthe

magnitide of Q increases wilth 1ncreaae in" the amount of VE3

water present in the solution, then it may be assumed onc;.w
again that Q is essocliated with an inhibiting (surface oxide)
species, originating from water, '

The actual detalls of experimental plots of these
kinds will be discussed in section 3 of this chapter, where
mechanisms for the Kolbe reaction are proposed and examined,

(k) Q vs. V1 Relations

The significance of this type of plot.must be
consldered in relation to the other evidence for the mechanism
of a glven reaction and may best be illustrated by taking a
particular example. In Fig. 49, a plot of Q vs. Vi is shown
for gold in 1M CHBCOOK in Yanhydrous" CHBCOOH éolutlon
(presumably containing traces of water). I£ can be seen that
for this particular case, Q lncreases 1n1t1a11y with increasing
V1 but at 1.9 V“the &alue of Q begins to decrease with increasing

\' This is because, at lower potentials with increase in

g
Vl, Q corresponding to the adsorbed oxide (arising from the
traces of water) tends to increase; at 1.9 V, however, the
félatlvely large CHBCOO' radicels may be regarded as being
discharged at certaln sites previously occupied by the oxide
wlth a consequent decrease in Q values with increasing polare

ising potential above 1.9 V. Thls point will be elaborated
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further in relation to other evidence to be presented in section

3 (iv) of this chapter,

3+ EROPOSED MECHANISMS FOR THE XOLBE REACTION

For each of the systems studled, a varlety of related data
and derived quantities has been obtained, In this seotion, it will
be necessary to make a daegiled analysis of this data (in terms of
the approaches summarised in the previous section, p.170) and
introduce closely argued proposals concerning resction mechanisms end
adsorbed intermediétes. In such & treatnent, numerous sross
references unfortunately cannot be avolded,

(1) Platinum in Potagsium Trigguoroagggate~Tr1g;uoroaggt;g

A 3 tions
Reagt ¢ etely & rous Seolutions (with IFA-Anhydride)

(a) A Tafel slope of 0,215 V is observed in the post-transition
region (Fig, 11). This suggests that the reaction is proceeding on
e covered eclectrode and the high Tafel slope indicates the piesenoe
of a barrier film across which a part of the total metal-solution
potential drop operates. The following experimental facts (sume
wmarised in Table II), however, indicate clearly and complementarily
the absggce of significant quantities of e;gctgggngggggglx degecgab;e
adsorbed intermmdiates on the electrode in thls case.

(b) Low values of the Test potential (0.5 V)3 abgence of hysteresis
between the ascending and the descending current potential reletions
(Fig. 11); ebsence of arrests in open-circult and forced decay
profiles (see photograph in Fige. 18)3 1low values of residual potential
obtained on opeq~c1rcuit decay of the anodie potential; small values
( < 100 uF, cm."2) of Cpax, caleulated from open-circult and forced

decay profiles; absence of peaks in the potentiodynamic sweep runs.
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In order to reconcile the apparqgtly contradictory
experimental evidence of {a) and (b) above, [since (2) indicates
some barrier layer of ad-species] it is suggested that an
appreciable coverage by eiectrochemically dnactive radicals is
involved, An electro-inactive.radical is one which is adsorbed
in a highly irreversible manner on the electrode surface and
1s not susceptible to facile reduction in a cathodic transient.
However, its presence is indicated from the faet that the
Kolbe reaction is proceeding in the post-transition region and
hence probably on a covered electrodes also, the high values
of Tafel slopes { =>2RT/F) ecan be reasonably explained only
on the assumption that a barrier<leyer of some kind is present
on the electrode. .

There is an important assumption involved here and
in the argument to be presented below, thet, 1n'the absence of
any barrier layer, the symmetry factor B must have a value near
to 0.5 (+ 10%). AThis iz borne out by the fact that for many
qualitatively quite different ion Alscharge reactions, E is
close to 0.5 when other evidence indicates that a barrier
layer 1s not present or could not under any circumstances be
involved, Also, theoretically, a value of B close to 0.5 is
expected for most reactlions, aS'mai be deduced by consideration
of potential energy barriers for discharge processes (78,79).

A further point 1s the fact that for widely different types'of
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acids and bases, Bronstedts "am oxr WEM coefficients. which have
& significance closely anslogous to that of £, are often near
to 0.5 and hence support thie argument®,

Finally, it cannot be argued that a low value of B
arises for some intrinsic geometriecal or other special reason
for the discharge of RCOO™ (R = CKB) since a more normal value
of § is actually observed in the Tafel line for the acetate
Kolbe reaction in strictly snhydrous solutions (in yacuo
preparation of solutions -« see Chapter III), On the basis
of the above evidence and discussion, the following mechaniam
1s therefore suggested for the Xolbe reaction on Pt in anhvdrous
solutions of 1M CFBCOOK in CFBCOOH.

The overall reaction is
2CF50007 ——= CuF¢ + 200, + 2e {a)
and the following elementary steps may be envisaged:

Step _ . Derived Tafel Slope
{fxom Table VIIIS

Cchoo"\=-\ CF3COO°(H)+3 2RT/F, 90P3coo° = 0 (B)

*Some exceptions do arise in baseocatalysed reactions but it
geems that anomalies only erise for bases with high pKts, as
expected,
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CFBCOO'(M) —%’CFB(M)+COZ Al (c)

imiting, © .
current CFBCOO —>1

| | RT/F, ecFB. -« f(v)
CF3* (H)+CFq* (M) ' —> C P, (D)

Limiting, GCF —>1
current 3

Alternatively to (D) the following
steps may occur:

BT/P‘. CFBCQO. = f(V)
CF3coo'(M)+CF3c00'(m —>czx=6+2co (Dv)

Limiting, © .
current CT SCOO —>1

or

CF3C00°(M) + CFB'(M) —302F6+002

(Dn)
imiting, ©

3 3
L L] L J
current CF3C00 /Cl""3 -]

or

CFBCOO (:»:)+c:-‘3coo ——}02F6+2coz+e

{ RT/F, ecF3coo' —1
(E)

or

BT/F’ F * > 1
CFB‘(M)*-CFBCOO" ——>CZF’6+C02+G ‘ : \ 3 (Ev)

RT/3F, GCF o« = i’(v’)
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First of all, it is necessary to‘elaborate upon the
neture of the possidle electro—inactive species adsorbed on
the electrode. The adsorbed "barrier layer" on the electrode
must consist of either CFB‘ or CFBCOO‘ radiecsls or both, If
CFBCQO‘ were present on the electrode, it would be expected to
have its ox&gen.atoms, which have a partial neﬁgﬁivq charg%)
due to resonance and induction effests {CF3—JEKQ—- CFj—-fé/ ]

Nos-

oriented towards the positively charged electrode, This would
result in the adsorbed CFBCOO' being bound to the Pt metsal
through "Pt - O bonds as follows (note that the.carboxyl

2

carbon is sp” hybridised so that the two O atoms end the two

C atoms are co-planar).

g
cr

O
/
(9]

- CF3

o
\

0
Ne CF,
o

0
~x
C - CF3

\()\\\\\\\\\\\\\\

In terms of 1ts possible reduction in cathodic
transients, CF,C00° thus adsorbed on the Pt metal would be
expected to behave like a "substituted" oxide (Fig. 64), i,.e.,
adsorbed CFBCOO' would be expected to be reducible (and hence
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Figure 64

A schematic representation of the "substituted

oxide" layer adsorbed on the substrate platinum hetal.
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"electro-active") like any other oxygenated species adsorbed
through the formation "PtO" bonds, e.ge, bﬁ' adsorbed on
Pte On the basis of these considerations, it is believed that
the electro-inactive species adsorbed on the electrode is not
CF,C00°; it must, henece, be CF.°. This eliminates steps
D'y D", and E from further discussion of this scheme of
consecutive processes,

Since the high Tafel glopes indicate the presence
of & barrier layer, it may be coneluded that GCFB.—4>1. Step
B cannot be rate-~determining since sueh a condition would imply
GCFB.—=>0. Again, step C would not be rate-determining since
it would involve the existence of the electro-sctive speciles
CF3COO‘ as the adsorbed intermediate against which we have
argued above; also, even iIf it is assumed for the sake of -
argument that the adsorbed intermediate is CFBGOO', a limiting
current would then tend to be observed st high coverages (see
Table VIII); neither‘éf these possibilities 48 in agreement
with the experimental slope of sa. 7RT/2F, Step D, if rate~
determining, would give rise to a limiting ocurrent at high
coverage and a Tafel slope of RT/F at low coverages; experie-
mentally, no limiting current is observed, although appreciable
coverage due to a barrier-layer film is indicated by the high
Tafel slopes. Hence, on the basis of this argument, D must
be Tejected as a possible r.d.s. The only step left to be
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considered as the possible rate~determining process in the above
scheme is therefore E'; 1low coverage condltions when E! ig

the r.d;s. must be rejected because neither low coverages

are indicated by the experimental log[ij-v relation nor are

the experimentel Tafel slopes (7RT/2F) at all close in magnitude
to the one (ZRT/3§) which mey be deduced for low coverage
conditionswith E! as the r.d.s. Thus the only possibility
remalning to be considered is that of E! being the r.d.s. in

the above scheme under conditions when @op .1l The
predlcted Tafel slope (2RT/F with a pormal value of B = 0.5)

in this case also does not agree with the experimeﬁtal value
(7RT/2F); however, it is no further_removed from the experimental
value than are any of the other values in the above =chene,

It also satisfiles the experimentally=-indicated condition that
the electrode is highly covered by an electro-inactive species.
If, however, it is assumed that a part of the total metalQ
solution potential ‘drop operates across the barrier layer of
irreversibly=-adsorbed CFB‘, (and is hence not available for the
potential dependent activation-controlled charge transfer
process at the barrier-solution interface involved in step E')
the effective value of the symmetry factor B can bthen become
(ef. 72,73,74) less than 0.5* with a corresponding dncresse

%8 1s of course still 0.5 with respect to the logal p.d.
operating between the initial and final states of the discharge
step. The situation is hence no exception to the general
argument given on page /89 .
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in the value of the Tafel slope deduced, RT/BF, For example;
if half of the total metalesolution potential drqp operates
acrosg the CF3' barrier, the effective value of B becomes 0.25
and that of the Naperlan Tafel slope 0.24 (viz, 2.3 487/F).
The value of Ta;el slope thus deduced can hence be shown to
be consistent with the experimental one on the basig of this
effect and a rational argument concerning the coverage
conditions,

The mechanism proposed on the basils of the. above

discussion i3 therefore:

CF4C00™ == CF,C00°*(M)+e (B)
CF4C00° (1) -—>>CF3'(M)+COé (SCFB.——*I) (c)
CF 5° (#)+CF 500~ > C, P00, te | (E*)

CFBCOO' radlcals are produced by the discharge step B
having a relatively high rate constant and are decarboxylated
rapidly in the step Cj 'CFB‘ radicals formed in C are electro-
chemically desorbed by the rate-determining step E?, Desorption
by step D is eliminated as a possibllity since this would give
a Tafel slope of RT/2F rather unamblgﬁously.

In order to have a&n effeptive barrier-layer of the
electro-inactive CF3‘ redicals gnly, as is required by the high
experimental Tafel slopes and absence of arrests in the cathodic

transients, it 1is necessary to assume that in the step C the
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equilibrium lies mostly to the right principally besause the
back reaction rate constant is very small, This has been
indicated by & double arrow in the reaction C on page 196,
Such an assumption satisfies the requirement that in the
steady-state, the speocies present on the electrode muat principally
be CF3'; AT soﬁé CFBCOO' were also present, as would be
expected if step C were at equilibrium and.ﬁ' were comparable
with & o? Brrests would tend to be observed in the cathodic
transients, Experimentally, no such arrests are indiceted
(Table II),
B No S o)

These solutionsApresuﬁably contained very small
traces of water since treatment with the anhydride was not
employed in this case,. As indicated in the Summery of
experimentel results (Table II) high Tafel slopes (= 9RT/2F)
are observed in the post-transition region (Fige. 11). This
again indicates the presence of a barrier layer on the electrode,
The rest potential now has avaluega., 0.9 V {gf, the value of
0.5 V for the anhydride treates solution) which suggests
partial coverage of tﬁe electrode by an oxide. The appearance
of hysteresis between the ascending and descending i-V relations
(Fig. 11) 4in this solution s also-a strong indication (since
this behaviour occurs in virtually all ancdic oxidations where

oxide is present) that the surface is covered by some specilss
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which ls irreversibly formed but in this case is electro-
active*, Since the only additional constituent in this
solution is water (present in traces), this/these species

nmust arise directly or indireetly from the traces of water,

In nominally anhydrous soiution; it is to be noted that the
rate at a given potential 1s lower than the cerresponding

rate in completely anhydrous solutions (Fig, 1l). This
indicates that the presence of traces of water tends to inhibit
the Kolbe reaction, perhaps due to co=adsorption of oxide,
Again, the residual potential attained on open-circuit decay
from the initial anodic polarising notential 1s ga, 1.0 V
which is suggestive of the presence of some oxide on the
surface, In the forced decay profiles, arrests appear oniy
several hours after the preparation of solutions (see photo-
graph in Fig. 18); this indicates, rather directly, that these
arrests, and hence the corresponding sdsorbed intermediates

they represent, origiﬁ&te directly or indirectly from the

*If the specles were irreversibly adsorbed gnd electro-inactive;
as in the case of the completely anhydrous solutions, the barrier/
solution interface would behave like a metalesolution interface
in the 1~V relations with a consequent absence of hysteresis in
the ascending and the descending 1~V curves (Fig., 11), The
hysteresis appears because of irreversibility of the formation
and reduction of the species produced in the ascending curve,
The presence of some electro~insctive species on the electrode,
it must be emphasized, does not imply, of course, that the
electrode surface becomes inactive for the overall Faradal
process, : :
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microscopic traces of water that diffuse igto the solution
throﬁgh the stopcocks and seals of the cell.

1t has been observed (Table II) that valussof Qeotal
(= 0.108 nC. cm.”%) and céax‘ (= 250=450 UF, cm."?) arise for
the reaction under the nominally anhydrous conditions, These
small values of charge and pseudo~capaclty suggest that either
the electrode is partially covered and the adsorded specles
is not very bulky, e.8., an oxide is involved, or the electrode
is substantially covered in a geometrical sense but a high
proportion of the coverage is assoclated with a bulky radical,
e.s...CF3coo'. High Tafel slopfs in the post-transition regiob
suggest again the presence of a barrier layer; hence. it 1s
to be concluded that the electrode may be appreciebly covered
by & barrier-layer film of electro-gctive CF4C00* with small

amounts of co-adsorbed oxide.

The supposition that Qotay 18 essoclated here
with QCF coo* 7 -QOx. is corroborated by the following facts;
() In Fig. 65, for a given type of solution, a curve is
shown passing through a fanily of points where each peint
represents the value of Q at a particular potentisl (calculated
from the forced decay profiles) and the corresponding value
of Tate at that potentiel (determined from the steady-state

i-V plot). Such & curve is represented by the so0lid 1line in
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Figure 65

Platinum/1M KTFA in TFA: a plot of Q vs. rate
(__.__....

) and a plot of Q@ vs. rate "normalised" to 2.1 V
(-""-—-)o
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Fige. 65, and indicates that the rate increases with increasing
Q. However, the increase in rate and in Q' may arise
Jndependently of each others part of the increase in rate will
be due to the increasing potential implicitly represented by
the ascending direction of points on the Q axis. In order

to explore this métter further, a plot of Q yg. rate was
examined in which the rate at eeach potential V higher than

2.1 V (1.e., at the beginning of the Tafel region) was
arbitrarily normalised to this potential of 2,1 V in order to
detexrmine the effect on rate of increasing Q alone. The
normalisation was made by multiplying each rate byﬁexp(z.l-V)/b
where b 1s the observed Tafel slope. The results of this
procedure are shown by the dotted liﬁe in Fig. 65.' The rate
1s still found to increass with lncreasing Q and indicates that
a significant part of the Q is due to an adsorbed specles which
is involved directly in the Kolbe reaction, i.e., either
CFBCOO' or CFB‘, rather than oxide which would be expected to
inhiblit the reaction, The specles must presumebly be CF3000°
since CF,4° 1is belleved to be electro-inactive (see p. 189)

and hence incapable of being observed in the forced decay
profiles,

(b) The possibility that Qo ray U8V 8ls0 correspond to some
co-adsorbed oxide assoclated with a charge QOx. is deduced as

follows: when excess water 1s added to the solution, Qtotal
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inoreases but the rate (and hence QCF COO" deoreases (Table
II; Pig. 11). It seems reasonable to regard this increase
in Qtotal as arising from an inereased contribution by QOx.
when water is present in inereasing amounts up to excess. .
Thus, an 1ncreasgd contribution to Qtotal by QOI' will
decrease the rate, as indeed is experimentally observed,
8ince co~-adsorption of oxide we suppose inhibits the Kolbe
reaction, Increased inhibition of the Kolbe reamction with
increased amounts of water added to the non-agueous solution
was also observed qualitatively by Fétrweather end Walker
(8) in terms of produet yields.

The suggestion that thtal is associated with

3000' + ch and not with QCF o + QOx.‘
also to be expected on the basis of general conslderations.

contributions QCF

such as have been discussed in the previous section, The
presence of small amounts of co~adsorbded éurface oxide will
tend to change the eléctro-catalytic properties of the
substrate platinum metal and its adsorption behaviour for other
specles would be expected to be radlecally different from that
of the bare Pt metal, On these grounds, it is not surprising
that the radicals principally adsorbed in completely anhydrous
and in nominally anhydrous solutions do not appear to be
identlcal, Also, the presence of small amounts of sarface

oxide would, perhapa, facilitate the co~adsorption of CFBCOO'

-

&




as a "substituted" oxide in preference to the adsorption of
CF4* radicals (see Fig. 64)., ’

It is found that Q increases with increasing v1
(Fig. 18)s At higher potentials, an increase in Q is due .
either to an inc;easing coverage by discharged CFBCOO' or to
oxidation of adsorbed "OH" formed at lower potentials to a
higher surface oxide, or to both effects, Thus, increasing
values of Q at increasing V1 strictly may or may not correspond
to increasing geometrical coverage © of the electrode, In
this particular case, it is therafore seen that the plot shown
in Fig. 18 is not of much value in establishing the identity
of the species adsorbed on the electrode.

In the corresponding potentiodynamic sweep runs,
composite peaks are observed which again do not'help in the
identification of the adsorbed species.

From the foregoing discussion, it may be concluded
that on Pt in nominall& anhydrous solutions, the Kolbe reaction
proceeds on an electrode covered by a barrier-layer £ilm
contalning a significant proportion of CF3CGO' species together
with some co-adsorbed oxide which plays an inhibitory role.

The following sequence of consecutive steps may then be envisaged:
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Step Deriv v
CF 400 === CF;C00° (X) +e " ZRT/F (B)

together with

E,0+M —>"KOH" (or "MO")"+H*+e

RT/F

CFBCOO°(M)+CF3'COO(M) ——aCzF6+2002 (D?)

Limiting current

2RT/F

CFBCOO'(M)+CF3COO -a>c2P6+2coa+e (E)

2RT/3F

In the above scheme, (B) cannot be the r.d.s. since
that would imply GCF coo.——*O, which does not seem to be
compatible with the experimentally~observed high Tafel slopes
which would, it may be recalled, be strongly indicative of the
presence of a barrier-layer, Step (D') must be rejected as
the possible r.d.s. since it predicts a limiting current under
experimentally~indicated conditions of high coverege, and not
a Tafel slope of QRT/aF. The only other possible r.d.s. is
(E) under conditions where Ocr_coo*1e The predicted slope
1s 2RT/F. However, if about half of the total metalesolution

potential drop is assumed to operate across a barrier-layer

*This representation of the surface "oxide" specles does not
imply any exact stoichiometry in the surface phase,
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of adsorbed CFBCOO‘, a8 in the case of the adsorbed CFB‘
barrier-layer at Pt in completely anhydrous solutions, the
value of predicted slope becomes LRT/F, which 1s consistent
with the experimental value of 9RT/2F,

The role of small amounts of co-adsorbed oxide is

only inhibitory as discussed above (1.0., rates in solutions

~oontalning water are lower); some of the electrode surface

sites may be ococupied by such oxide species and be rendered
unavailable for cetalytie steps in the Kolbe reaction,
Hence, the mechanism for the overall Kolbe reaction

2CFC007 5 C P, + 200, + 2e (&)

under the conditions considered in this section may be written

as?
CFBCOO" === CF,C00°(#) + e (B)

CF3C00 (M) +CF3000 ———47'02F6 + ZCO2 + e (E)

In this”schéﬁe, an initial discharge step (B)
having a relatively large rate constant is envisaged and is
followed by the rate-determining step of electrochemical
desorption (E) resulting in the Kolbe products; the charge
transfer process in the r.d.s. has to negotiate a potential
barrier across a film of adsorbed CFBCOO’ (in addition to the
usual energy barrier for the process st ths matale«solution

ihterface); hence high Tafel slopes can arise,
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Re Agueous So )

The experimental observations (Table II) on the
Kolbe reaction at Pt in 1& CFBCOOK in (CFBCOOH + 30% Hzo)
&s solvent indicate that the mechanism of the reaction is the
same as that in nominally anhydrous solutions, However, there
is an inoreased éontribution of QOx. and COx. to the total Q
and C values, with a consequently increased inhibition of the
Xolbe reaction, All the experimental evidence {Tadble II and
Figures referred to below) points to the fact that there is
an increased coverage by oxide on the electrode 1n aqueous
solutions, The hysteresis between ascending and.descendlng
1-V relations is enhanced (compared~with results in the more
non-aqueous solutions) and the rates are correspondingly
diminished (Fig. 11)., In the forced decay profiles, lerge
arrests are observed (see photogreph in Fig, 22). The values
2 and 1650 LF. cm.™2,
respectively (Table II) indicating that the eleotrode is

of Qp iq7 and cmax. are 1,05 mC, cme"

highly covered by electroactive species; that the electrode
tends to‘be completely covered 1s also showm by the fact that

Q becomes independent of V, et high potentials (Fig, 22),

In the plot @f C ys. V (Fiz, 20), chax' lies between 0,6 V

and 0.2 V depending on the value of 1cath. used in the cathodic
trensient, This 1s rouzhly the potentisl range where VC

mBXe
for the oxide reduction peak would be expected (Ca.0,6 V)
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(63)s Ho regular trend is exhibited in the dependence of
cmax. °n'1eath. (Fig. 20) which suggests t?at more than one
species may be adsorbed; the situation is thus far more
complex than that expected for one species. However, the
offect of ..., ‘on vcmu" sgrees qualitatively with the trend
predicted for reduction of irreversidbly adsorbded Intermediates,
1.0¢y increased 1cath. tends to push chax‘ to more cathodic
potentials (Fig. 19), due to "overpotential® or irreversibility
effects in the charging. This effect is seen (gf. Fig. 67) to be
much lerger than in the case of oxide capacitance elone,; and
thus supports the consclusion that other specles than oxide are
involved in this case (see below). On open-cireuit decay from
the initlal anodic potentials, substantial values of pseudo-
capaclity indicative of coverage by the adsorbed intermediates
are observed (Table II)., A residusal potential.of 1,175 V4
suggesting the presence of an oxide ig also observed; forced
digcharge from this po#ential glves arrests which correspond to
Chay, 10 C=V profiles.(Fig. 16). The values of chax. are
0.58 V and 0,15 V for the two arrests; the corresponding values
of charges are Q; = 0,537 muC. cm. "% and Q, = 0,392 mC. cm.'z,
respectively, These values indicate that the two arrests
are, perhaps, due to reduction of oxide (0,58 V) and deposition
of hydrogen (0.15 V). '

In the potentiodynamic sweep runs, composite peaks
aie observed; hence no quantitative information on the charging

processes could be deduced by this method in this case.

TTEE LIS yA st rmooe i e e ean D o
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Hizh Talel slopes (4RT/F) indicate again a barriere
layervfilm on the electrode, That this Tafel slope refers to
the XKolbe reaction (02F6 1z identified as & product here) and
not to 02 evolution may bé deduced from the potential st which
the Tafel region is observed to commence, viz. 2.1 V, The
Tafel region for‘the oxygén evolution reaction in acid solutions
would normaelly commence at substantially lower potentials (see p.250)
{(63) as indicated by the current-potential relation for the
oxygen evelution reaction on Pt in 1M stob shown for comparison
in Pig. 1l1. .

In summary, the resnlts indloate that the mechanism
Tor the Xolbe reaction #n Pt in agueonus solutions of CPBCOOK
+ CFBCOCH 18 the same as that 4n the noninally anhydrous
solutions, l.e., an initial discharge step (B), CFBCOO’z;f:
CPBCOO'(H) + e, 18 followed by a rate~deteraining process of
the type:

CFBCoo'kM) . CF4C00™—>C ¥ ¢ + 2C0, + e

Ir ﬁoverage by CF3COO' in the above step is
appreciable at high potentials, a barrier-layer film effect
would again erise and if about half of the total metal-solution
poﬁential drop operates across this barrier-layer a Ta:el

slope of 4RT/F would be predicted for this mechanism and would

be consistent with the experimental results.
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In the foregoing discussion, it was concluded that
adsorbed oxides originating from traces or excess of water
present in sclution of KTFA in TFA tend to inhibit the Kolbe
reaction on Pt, This 1s corroborated by the family of ocurves
shown in Fig. 66; Here each curve represents a given
potential end 1s made up from three points each of which
represents a charge-log{rate] relation at that potential for
the three conditions studied, viz. (a) completely anhydrous
solutions; (b) nominally anhydrous solutions and (c) agueous
solutions. At potentials lower then that (viz. 2.1 V) beyond
which the Kolbe reaction proceeds at appreciable rates with a
linear Tafel region, Q values are increased on going from
nominally anhydrous to the agqueous solution, and the rates are
correspondingly increased. This suggests that with increase
in the amount of water present in the solution, QOx. and the
rate for the O2 evolution reaction increases. However, on
going from aqueous to the non-agueous solutions at this potential,
Q decgreages but the rgte increases;s this indicates that with
decreased amounts of water, Qtotal decreases probably because
of a decrease in QOx. but the rate continues increesing due,
perheps, to the possibility thet the process being obsarved

now is & composite one, i,e.,, 1t involves some contribution
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Figure 66

Platinum/1M XTFA in TFA: plots of R ¥S. rate at
various anodic potentials for completely anhydrous (}ZJ).
nominally anhydrous (f) » and agueous solutions(o).
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from the Kolbe reaction and from O2 evolution*, Only at
potentials greater than 2,1 V at whieh the Kolbe reaction is
known to be the major electrode process does the relation
between the rate, Q and the water~content become more rationally
explicable. Ap a given‘value of potential at these high
potentials, and proceeding in the sequence agqueous —>nominally
anhydrous —» completely anhydrous solutions, the rate is found
to increase but Qtotal decreases; these facts indlicate that
with increased water content in the solution, Qtotal increases
on account of the presence of larger amounts of surface oxide
but the rate of the Kolbe reactlon decreases nofrespondingly.
This is consistent with the fact that the coulombic ylelds of
Kelbe products in non-aqueocus solvents studied by other ‘
workers (€) and in this laboratory previously (2) are usually
much better than those in water, except at the highest anodic

potentials in the latter case,

;t-‘

In concluding the discussion of mechanisms at Pt in

agqueous solutions, the following "oxide" pathway must be noted

*At the potentimls invélved here, the rate of evolution of
products is too small to conduct a satisfactorily precise
coulombic snalysie, and at higher potentials the problem of
solublllity of CyFg complicates quantitative measurements,
However, the previous work (2) indicates substantial yields
of the Xolbe product CpFg at higher anodic potentials,
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a8 a possibility since the present work (and see also ref, (3))
indicates appreciable coverage by adsorbed oxygenated species
in the range of potentials over which $he Kolbe reaction
‘occurs. Insteed of the direct lon discharge step of type B
(pe 173}, we can write an heterogeneous chemical oxidation of
the type |

PtO + caa.coo" + B o CH5C00°(M) + PtOH (F)

or
PtOo + CHBCOOH —_— CH3000°(M) + PtCH

where "PtO" and "PtOH" are nominally sites of higher and lower
degrees of surface oxidation at the Pt electrode interface but
not necessarily of the stolchiometry formally indicated. The
species.CHBCoo'(M) may then undergo further reactions down

the sequence of steps of type C and type D, D¢, D" ar E,

The continuous anodic glectrochemical process involved would
then be steady-state re-oxidetion of "PtOH" to "PtO" by the

step

PtOK — » Pt0 + HT + e (c)

which could be coupled with step F in the steady-state,

This scheme has been included for completeness but
it is regarded as an unlikely pathway since (a) the Kolbe
reaction proceeds with rather similar electrochemical kinetic

charscteristics in non-agqueous medium to those for the reaction
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in aqueocus medium (31)3 hence, a radically different mechanism
1s unlikely in aqueous medium; (b) it proceeds at a fagter
overall rate in non-aqueous medium than in agueous medium,

other things beinz equal, and (¢) no gas evolution in a
differential magometer cell is found when CHBCOOK aq./CHBCOOK
mixture is treated with platinum “dioxide", However, if a
stable platinum oxide could be made chemically with the Pt.0O
ratio attainable on the surface of an eleectrode, the possibility
of conducting 2 direct heterogsneous chemical oxidation of
acetate could not be entirely excluded; at presgnt. however,

it is not possible to substantiate this tentative suggestion

by any other conceivable experiment.

Several features of the experimental results for the
Kolbe reaction on gold are similar to those for Pt in this
solution (compare Tables II and III), For example, somewhat
high Tafel slopes (0.160 V} in the post-transition region are
observed; again, absence of hysteresis in the ascending and
descending i1~V curves and low residual potentiels in dboth
cases are to be noted {compare Figs. 11 and 12), However, the

evidence from the non-steady state measurements indicates
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a guslitatively different behaviour on the'two metal ancdes.
In contrast to the case of platinum, the presence of some
glectro=-active adsorbed intermediates {g indicated on gold,
Thus, an arrest. is observed on open=circult s.m.f, decay on
golds C values‘calculated from these open-circuit decey

2 2 depending

profiles lie between 90 pF, em,” and 140 pF, om,”
on the initial polarisation potential V, (Fig., 23)e These

C values suggest the presence of some adsorbed intermediates;
this inference is not, however, unambigusus since these C
values are only marginally larger than the Cd.l..Values. A
low value of the residual potential (0.4 V) 1ndicates the
absence of an oxide; this suggeats, rather indirectly, that

the added trifluoroacetic anhydride was effective in removing
the last traces of water from the solution, An arrest is
observed in the forced decay profiles (see photograph in

Fig, 29) indicating, again, the presence of an electro-gctive
intermediate on"the‘électrode. However, the megnitude of

cmax. agssociated with this arrest is again only marginally
larger than the Cd.l. values and hence i not unambiguous
evidence for deduction of the presence of adsorbed intermediates
(Figs. 26,27). However, the value of Q (0.084 mC, cm.~?)

calculated from these arrests, although small, is by no means

negligible (Table III), This Q value indicates that either
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the electrode 1s partially covered by a rather small-sized
adespecies or it 1s substantially covered by a bulky ad-species,
The olly specles that may possibly'be adsorbed on the electrode
in this solution are CF3”-and CFBCBO'. The possibllity ot
CFB' being the adespecles is excluded on the grounds that it
would be expected to be electroe- 2y by anelogy with the
case of platinum in this solution (see p. 189), Hence it may
be concluded that CF4C00° 1s indicated as the ad-species, |
the values of Q expected, even when the electrode is substantially
covered, would tend to be small; significant coverage of the
electrode (i.e., 25 deduced from the somewhat high Tafel slopes
and assoclated barrier-layer film) and small Q valueé (0.084
mCe cme™2) are indeed experimentaliy observed.

The presence on the elactrode of bulky CFBCOO'
redicals (and of these radicals only) is also suggested by

other experlimental evidence, The shifts in Cm and Vc

RX e MEX e

with increasing i h; used in the forced discharge transient

cat
are in the theoretically-expected direction (46}, i.e.,
increasing 1cath. sh;fts Cmax. to higher values and chax' Lo
more cathodic values (Figs, 26.27?5 This indicates that perhaps
only one adsorbed specles is present on the electrode (see
section 2, this chapter). This again, suggests the absence

of any co-adsorbed oxide and hence emphasizes the fact that,

additien of small amounts of CFBCO.O.COCF3 814 consume tﬁe_

#Thig shift of cha? is again (gL pPe 207) much larger than that
observed for the — ‘oxide specles alone in Hp50j solution and

hence supports the presence of the Kolbe adw-specles,
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very last traces of water from the szolution. In the cathodic
reduction, more irreversibility than that observed with oxide
alone on Pt is encountered and seems to be indicative of the
presence of a2 Species, G.%«, CFBCOO', different from surface oxide,
&s argued for other cases ahove, This may be seen by comparing
the effect of lc;th. on chax. for the present case (Fig, 26) and
for the case of an oxide (Fig. 67). For a given increment in
1cath. used in the transients, the shifts in chax' values to
more cathodic potentials are substantially more pronounced when the
electrode is covered by the "Kolbe speciles" (Fig..zé) than when
it is covered by en oxide (Fig. 67). |

An examination of the plot of Q ¥s. V, (Fig. 29)
shows thet Q increases with inocreasing Vi. It may be noted
that in the Xolbe region (V1 = 0fe 2,25 V « Fig. 29) the Q
value for the completely anhydrous solution is smaller than the
Q values for the solutions containing traces or_excass.of water,
This agaln suggests (assuming in both cases that the electrode is
geonetrically at full covérase at the glven Vi) that the adsorbed

radlicals involved in the completely noneaqueous case are on !

the ayerage much bulkier than those involved in solutions contalning |
traces or excess of water., From this, a tentative conclusion may
be drawn that in completely anhydrous solution, the specles adsorbed
on the elect:ode are only CFBCOO' whereas in solutions cqntaining

traces or excess of water, co-adsorption by less bulky oxide
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Eigure 67

= * E
Platinum/1M ,S0,3 & plot of chax. (or.. Cmax.)

I3 Lootn,
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species may be suspected with a consequent inocrease in the Q
values,. This point will be further elaborated, in relation to
other experimental evidence, when mechanisms are discussed for
the Kolbe reaction on gold in solutions of 1¥ KTFA in TFA
containing traces or excess of water. In Fige. 29, three
photographs showing comparatively the magnitude of arrests

are also presented. It may be seen that the arrests expressed
as 1cath. X T become larger with increasing amounts of water
present in the solutlons,

Hence 1t may be concluded that in completely
anhydrous solutions, the Xolbe reaction proceeds on an.electrode
covered by an effective barrier-layer film of adsorbed CFBCOO‘.
A sequence of arguments closely anaiogous to those for the
case of plétinur in TFA solutions may easlly be develeoped and
the mechanism mey be deduced in the following way. |

An initlal discharge step

3
would be followed by

CF..C00°* —= cp3coo°(m) + e (B)

CF,C00* (M) + CF3C00°(H)-——'- C2F6 + 2002 (DY)

3

or

CF..CO00°(M) + CF.C00”™ —— C,F+2C0,+e (E)

3 3

Since the presence of a barriere-layer film of

CFBCOO‘ has been coneluded, step B, which implies CFBCOO‘,q-O,




.
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cannct be the rate-determining process, Step Dt, if the TedeBey
would give a Tafel slope equal to RT/F when GCFBCOO‘ is £(v)

and a limiting current when GCFBCOO.——'I; neithér of these
possibiliities is compatible with the experimentally observed
Tafel slope (0.16 V) on an electrode covered by a barrier-layer
film, Step E, if rate-determining, gives a slope of 2RT/3F
(not at all close to the experimental Tafel slope) under
conditions of 1gn_ggxgz§gg (which is, again, experimentally
untenable); the only remaining possibility to be considered

is E being the r.d.s. when GCP coo®*— 1. The predicted Tafel
slope in this case is 2RT/F. If the presence of"an effective
potentlial barrier involving a film of CFBCOO' is invoked

again, the experimental slope of 0.16 can be reconciled with
the predicted value, (See section 2, this Chapter), Thq
argunent for the barrier-layer rilm in this case, 1t 1s to be
noted, is not so clear cut as in the other cases'discussed

above since b is not so anomalously high,.

Beae!

The experimental evidence for this case has been
summarised in Table III,

in solutlions presumably containing traces of water,
the features of the steady-stete current-potential relation are
characteristically different from those associated with the

current-pctential relations for completely anhydrous solutiqns
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(Fig. 12), Again,czFé i1s the product of the reaction. The
presence of traces of water seems to glve rise to a hysteresis
between ascending and descending current-potential relations;

& characteristic inhibition inflexion appears around 1.8 Ve
also, the value of the rest potential increases to 0,9 V,

Al) these features suggest the presence of a co-adsorbed surface
oxide. The velue of the Tefel slope (0,175 V), suggests, in
this case also, the presence of a filn having some character-
isticsof a barrier layer,

On open~circuit decay of the anode potential, an
arrest is observed, The values of cspacity calcﬁlated from
the open-clircuit decay profiles depend on the initial polar-
isation potential. For example, tﬁe d.l. capacity (ca.

60 uF. cm."%) is observed when v, = 2,5 V3 however, when v,

= 1,8 V, the value of Cmax.’ 225 p¥, cm.'z suggests the presence
of an oxide (or other species) on the electrode (Fig., 24),

The residual potentiel is ca. 0.9 V, which egain suggests

that the electrode surface is partly covered by an oxide. The
presence of an appreciable arrest in the forced deceay profile
(see photograph in Fig. 29) indicates the presence of some
electro-active adespecies. The apprecizsble values of C (Fig,
31) indicate that even traces of water in the soluticn give
rise to ad-species with which these high values {ga, 500 to
1500 pF, eme™?) of pseudo-capacity are assocliated. Althoﬁgh
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the shifts in ch with increasing 10ath§ are in the

predicted direction ZFlg. 30), the shifts in Chgy, Values
themselves are not systematic whioh suggests that perhaps more
than cne specieslis adsorbed, as argued previously.

Important evidence_suggesting co=adsorption (ﬁich
an electro-active "Kolbe species", 1.4y CFBCOO‘) of an oxide
ls as follows: in the presence of traces of water, the overall
rate at a given potential is Joper than that in the completely
anhydrous solution (Fig. 12)3 however, the value of Q (= 0.175
nC, cm.™2) 15 twice as large, suggesting that a part of this
charge is assoclated with a species which originaées from
water and inhibits the Kolbe reaction, e.g., & surface oxide.

When the relation between Q and Vi 1s examined,

1% 1s found thet Q increases with v, (Fig. 29). However, in
the Kolbe region ( >2,25 V), Q has a greater value in thls'
solution than in completely anhydrous omes, Assuming that
the electrode 1s completely covered in both these cases, (since
barrier-layer films are indicated because the Tafel slopes are
> 2RT/F, this agsumption is reasonable), higher @ values
suggest the preseuce,'on the aveeage, of lesg bulky ad-species,
Since the only possible ad-species that may be present are
CF3COO' and an oxide (CFB' 18 excluded since it would probably

be electro~inactive as argued previously), higher Q values for

a given coverage suggest some contribution from co-adsorbed_oxlde.
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From the foregoing discussion, it may be concluded
that in nominally anhydrous solutions of 1X CF,4C00K 4n CF,COOH
thg golbe reaction procecds on & gold electrode covered by en
effective barrier-layer film of CFBCOO' with some cowadsorbed
oxides The mechanism of the reaction, 1t 1s suggested, is
hence the same as for the closaly anslogous case of platinum

(see ppe 97 ) in nominelly anhydrous TFA solutinns.

3 Solutiona

The experimental evidence for this case has been
summarised in Table IIX, C2F6 is again the productyith oxygen.

In general, in aqueous solutions, eo;adsorptlon
by an oxide is substantially greater than in the nominally
agueous media with a consequently incrsased inhibltlon of the
Kolbe reaction,. This issupported by the following evidence.
(2) In the steadyestate current-potential relations (Fig, 12),
larger hysterssis between ascending and descending curves is
observed; s higher rést potentisl (1,25 V) end a lower rate
at a given potential, compared with the rate in completely and
nominally anhydrous soluticns under corresponding conditions,
are found,
(b) The values of both the pseuvdo-capscity (2500 uF, cm.'z)
(Fig, 25) obtained from open-cirouit e,m:f, decay profiles and
the residuel potential (1.3 V) are higher than in the none

agueous case,
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(c) Very high values of Q are obtained from the forced decay
profiles (1,09 mC, cm.~2) and very high velues (2250 to 7500
pFe eme~?) of cmax. (Figs 34) are found,
(4) Any definite trend of shifts in Cpex, With increasing
1catn, Ueed in the cathodic translents 1s difficult to establish
(Fige. 33); hencé, the presence of more than one species is
suspected, e.g.p an oxide co-adsorbed with CFBCOO‘ radlcals,
(e) In the plot of Q ¥g. vy (Fige. 29), very high Q values at
higher potentials suggest co-adsorption of appreciable anounts
of an oxide,

Here again an effective barrier-layér film of
CFBCOO' 1s suggested by the high values (0.17 V) of the Tafel
glopes, The mechanism for the Kolbe reaction in this case
is hence regarded as the same as in the case of the nominally
anhydrous solutions discussed above, However, the co-adsorption
by the oxlde and the consegquent decrease in rete (at a given
potential) 1is more pronounced in this case than in the other,
Bole of Oxide

It has been concluded in the foregoing discussion
that the role of ¢gxide, which originates from traces or excess
of water present in the solutions, in the Kolbe reaction on
gold (as on Pt) is & purely inhibitory one. This is corroborated
by the following further evidence:
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(a) In Fig., 68 a family of curves of Q ¥s. rate has been
shown for the three types of solutions studied, Each curve
is plotted for a given value of potential in the potential
range over which a Tafel line for the Kolbe reaction is
obtained, i.e., g2.>2.1 V, Each curve ;s drawn through thrse
points where each point represents a value of Q (obtained from
the forced-decay profiles) plotted againat the corresponding
rate at the given potential (obtained from the steady-state
currente-potential relations) for the completely enhydrous, the
nominally anhydrous and the agueous solutéon, respectively,

It 13 to be noted that at a glven potential, procéeding in the
sequence completely anhydrous —snominally anhydrous ——
agueous solution, an increase in Q and a decrease in rate arises,
This shows rather divectly that with increased Q associated
with increased co-adsorption by oxide (arising from 1ncrea§1ng
anounts of HZO in the solution) the rate correspondingly
decreases, i.,e,, the surface oxride rlays an 1nhi§1tory role,
The effects are larger at higher anodic potentials,

(v) 1In Fig. 69, a famlly of curves is shown which 1llustrates
the same point in a different way. Each of the three solid
lines represents the ¢ ysg. rate relation covering the whole
Tafel region (and a small upper rart of the transition region)
for completely anhydrous, nominally anhydrous and aqueous

solutions, respectively, Dotted lines represent the corfes-
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Eizure €8

Gold/1M KTFA in TFA: plots of Q ys. rate at
verlous anodic potentials for completely anhydrous (a),

nominally enhydrous (O) mnd aqueous (°) solutions.
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Fizure 69

Gold/1M KTFA in TFA: plots of Q yg. rate
for completely anhydrous (o—o), nominally anhydrousfe—e)
and agqueous(~A—A ) solutions: the dotted lines répresent the
corresponding relations in which the rates have been "normalised"

to appropriate potentials,
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ponding retes that would erise if they were empirically normalised

WeTots potential to some arbitrary potential  which is chosen
to be that corresponding to commencement of the Tafel region
{compare Fig., 65}s Hence each dotted line represents the |
inerease in rate with increasing Q@ (Q in turn incereases due to
increasing Vi) when b9 contributlon to the increase in rate
erises fron incieasing potential through the e v/b factox,
It is to be noted that the value of arate/aQ decreases with
increasing anounts of water present in the solution, 1.4,
with increasing amounts of HZO in the solution, an inereasing
portion of the total Q arises from a spacles which éoes not
contribute to an increase in rate of the Kolbe reaction, and
perhaps wven inhibits it by rendering-unavallable the slites
required for it, and/or chenging the activation enerzy of
reaction steps.

Again, any possible pathways for the Xolbe
reaction involving the oxide as a direct reactant speocies nmust
be rejected for reasons similar to those discussed for the
cage of platinum (see page 2!/ ).

(114)

The experimental evidence for this case has been

sunmarised 1an Table IV,




In the completely anhydrous solutions, a Tafel slope
of 0,14 V is obtained which is only marginally higher then
2RT/F. The rest potentisl (0,2 V) suggests the absence of
an oxide and hence that the experiments made in the "vaouum
cell" were effectively conducted under very anhydrous conditions;
this conclusion 1s‘supported by the complementary evidence that
addition of controlled small amounts of 320 to the solution
ralsed the value of the rest potentiel to 1.1 V (Table 1),

The hysteresis and the transition region observed (Fig, 13)

in this case are belleved to arise from some trace impurities
in the solutions and pnot to the fact that the elecﬁrode perhaps
may be completely covered, This conglusion is based on the
following experimental evidence:

(a) The Tafel slopes observed are not high enocugh to suggest
the presence of an effective barrier-layer film. The minsmum
value of Tafel slopes which may suggest that a part of the
metalosolufion potential drop operates across en effective
barrier-layer film has been chosen, rather arbitrarily, to be
SRT/2F (apparent f = 0.#) in the present work,

(b) The values of C ( < 100UF. em.™2) and Q (15MC, em,~2)
obtained are too small to suggest the presence of an electro-

active ade-species (Table IV).
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(c) The possible presence of an electro-inactive ad-species
is excluded on the grounds that such & specles would be

strongly adsorbed and hence a substantial fraction of the total

metal-golution potentisl differsnce would fall aocross such &
barrier-layer film of irreversibly adsorbed electro-inactive
specles; thise, 15 turn, would tend to result in high Tafel
slopes. However, such an effect with adsorbed CH3' radicals
would be expected to be less than with CF3' radicals owing
to the smaller dipole moment.

On open-circult decay of the anode potential, a
short arrest 1s observed on platinum in completely‘anhydrous
solutinns, However, the values of cmax. are only of the
order of cd.l. and no residual potential is observed; this
suggests the absence of any adsorbed intermediatss, This
conclusion is supported by the following two additional facts:
(a) the values of C obtalned from the forced-decay profllés
are agein of the order of cd.l.‘ and (b) the velues of
obtained from these transients are negligible (15MC, cm,~?)
(Fige 37). |

In the potentiodynamice profiles, no peaks are

cbserved; however, a normal separation between the cathodie

and enodic sweeps arises and the values of C, calculated at

the point of maximum separation, are only of the order of cd.l.



again, The "peak" current (measursd at the centre of tha
Eweep range) xg.(dV/dt)é pPlot gives a straight line {Fig., 59)
indicating a non-charging process. ‘It appeeara that this
effect may be assooclated with formation of impurittes ,
possibly formed in the closed cell by the cyelie polarisation,
The potentiodynamic profiles, thus indicate again (in a
somewhat negative way) the absence of any electro-active
adsorbed intermediates,

In summary, all the experimental evidence presented
indicates the absence of any eleetro-active or electro=-inactive
adsorbed intermediates; &lso, a Tafel slope (0.14'5) only
marginally higher than 2RT/F 1s experimesitally observed. The
examination of Table VIII clearly shdws that the experimentallye
observed conditions of 8—>0 and b = 28BT/F are satisfied only
when an inltial rate-determining discherge step [i.e., CHBCOO’

;==CH3000'(M)+e] is followed by any of the subsequent

- radical-removing steps having higher rate constants than that

of the discharge step, Thus, the mechenism of the Xolbe

reaction in this case seems to be one involving initial discharge

a8 the r.d.s. The facts and thelr interpretation in this
case are simpler and more unambiguous than in the other eases

discussed,
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The experimental evidence tor thls case has beoan
surmerised in Table IV,

In ajueous solutions thare is a substantial hysteresis
between ascending and descending 1=V relations (Fige 1303
alao the magnitudé cf the rest potential (1.25 V) immediately
suggests, in a preliminary way, the pregence of oxide as one
of the ad-species, 3everal Tafel reglons are observed. The
valuas of the Tafel slcpes in the "Kolbe" region { > 2,2 V)
are substentially higher than 23T/F and hence suggest the presence
of a barrier-layer film, The value of b is 0.26'# in the
potential region 2,2 V to 2,5 V and 0,165 V beyond 2.5 V3§
this change of © velue in this case éuggeshs,perhaps. that the
fraction of the total metalesoludion potential &rep that '
operatas across ths barrier-layer film of the ad-specles is
sualler above 2,5 V than below this poteatial, - This may
perhaps be assoclated with a change in the conducting properties
or composition of ths film of adezpecies at higher flelds.
The axaot reason for thls ohange of D value at 2,5 V is,
however, difficult t¢ interpret, 3iniler commzots alsc
apply to the b valus ($.2 V) associated wlth the Tafel regzion
cbserved Yetween the potentlals 1.3 V o 2.2 V below the
potentiel for commencocment of the Tafel region for the Kolbe
reaction (,gg.A 2.2 V), |
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On open~circult decay of anode potential no arrest
18 observed and the C vslues calculated from these profiles
are of the order of Cd.l.' However, a rasidual potentisl
(0479 V), 15 obsexrved and is indleative of the presgence of an
adsorbed species; 0n forced decay from this residual potential,
two appreclable arrests are observed in ﬁhe cathodlc discharge
curve showing that the ad-species, with which this residual
potential 1is associatad, is an electro-gagtive specles, Very
high values of Cp, (G 6000 UF, cm."2) are associated with
these arrests; the exact values of the Cra

X
initiel polarisation potentizl and are of relatively minor

R depend on the

significance (Fige 36)s The values of chax for the pain
*
arrest are around 0.6 V (Fig. 36) which again suggests the
presence of an oxzlide. The veluves of V for the second
Cm&x- .

arrest are around 0.25 V which suzgests (but not unambiguously)
that this arrest perhpps is associated with the adsorption of
hydrogzen, The ratlo. of charges Q, (V = 0,6 V) and Q

S 1 " Cpnx, 2
(Vc a2 0425 V) assoclated with the two peaks is equal to

[

1,463 this value of the ratio Ql/'Gl2 suggests that the arrest
with cha = 0.6 V 18 perhaps a "modified" (mixed) oxide-

Xeo
reductlion arrest and thc ohe with Vc = 0,25 V is perhaps a
meXe
slightly displaced Headsorption arrest. The ratilo Ql/'Q2
(= 1.48 ) may alternatively suggest that perhaps only a part

of the electrode is covered by oxide since for a smooth Pt
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electrode completely covered by oxide the ratic of Qox./QH

1s alrveady ga. 4 at V, = 2.0 V (76) and would be expected to
bs still higher at & value of Vi = 25 V couparable with that
attained in the Kolbe reactlon.

The forced-decay profilas also'show appreciable
arrests. In this case, the detalled significance of the cathodic
translieats has been exemined by rolarising the electrode at
two differeat values of initial polarisation potential, V
one of the V, velues (1.0 V) was chosen to lie well below the
Xoldbe reglon, whereas the second value of Vi (2.5 V) was well
in the Faradalc Kolbe region. This approsch was.chosen to
characterise the co~zdgorbed oxide that nay be present in
the Xoldbe region by the indirect procedure of proving its
presence at much lower potentials, i.e., potentiels at vhich
the presence of oxide can be established unanbiguouslye.

hen V1 = 1,0 V, significant arrests are observed
in the forced decay profiles, Two larpe and one smpall C

mnaxe.

with chax = 0«5 V, 0,225 V, and 0,025 V, respectively, are

observed (Figs. 38,39). The values of charge assoclated

with these arrests are Q = 0.15 mCs cm.’ =2 (Vo = 0.5 V),
Cmax

= 0.22 uC. en”2 (v, = 0,225 V), Q5 = 0,17 mC. cm.~2
maXe
(v = 0,025 V), respectively. - From the V values, it
C
max., - Cnax.

geems likely thst Ql = Qoxide and Qz and Q3 are associated with
the usual two hydrogen pesks for platinumi the ratio QOX./QH,
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then, is equal to 0,38, The fact that the surface oxide
spe@ies may be present only in relatively small quantities,
as is suggested by the Qox./QB ratic = 0,38 (normally it is
ga. 0,7] (63), 1s not surprising since the V, value is small
(1.0 V). The values of Cpax, fOT the oxide arrests range
between 1250 4F, em."2 and 1500 UF. em.~2, depending on
the 1cath. used (Figs. 38,39); these Cmax. values are of the
magnitude usually observed in the reduction of surface oxides
on platinum, |

_ The three capacity mexima tend to merge into one
another at higher 1.atn, Values (Fig, 38); this is the reason
why the effect of icath. on the value of Cmax. and chax. does
not exhibit a consistent trend (Fig. 39).

When the V1 = 2,5 V, two large arrests are observed,

The ch values for these arrests are 0.5 V and 0,2 V3 By

analogy with the arguments developed in the disocussion on

cathodic forced decay.from the residual potential (p.232),
it may be concluded that these two arrests are due to a |

"modified"” (mixed) oxide reduction process (Vo = 0,5 V) (see
max

below) and a hydrogen adsorption process (Vo = 0,2 V)
max.

Trespectively. The magnitude of Cpa . (Figs. 42,43) for the

x
"oxide" reduction peak (cha = 0.5 V) 1is between 4500 UF, om, "2
x .

-2 *
and 5000 UUF, cms ~§ these high values of Chax, 8Fe quite
commonly observed when appreciable coverage by adespecies is

involved,
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The ratio Ql/Q2 (for Vy = 2,5V) 18 equal to 1.86
where Ql is assoclated with the "modifled"  (mixed) oxide arrest
(Vo = 0,5 V) and Q, is due to the slightly displaced H-

max.
adsorption peak (Vc =:0,2 V)3 Aif the peak at Vo = 0,57V
max :

were entirely due to a; oxide, the Ql/Qz_ratio to bem::;ected
would be greater than Ut (76a). Hence Q, refers either to
partial coverage of the electiode by oxide (with part of the
surface bare) or to the substantial coverage by a bulky
"gubstituted" oxide [since ch is very close to the value
observed for pure oxlde on Pt 1n.HZSOu (63) 1. This substituted
oxlde may be composed of CFBCOO‘ with some co-adsbrbed oxide
(Fig. 65). The latter possibility is more plausible for the
following reasons.

(a) If it were assumed that gply oxide is present on the
electrode surface, the electrode would be expected to be
gompletely covered by this oxide at the Vy (= 2,5V) used.
Thus, a higher ratio (> 4) of Ql/'Q2 would be expected. It is
impossible to concelve that at these high potentials an oxide
would be present on a part of the surface with a significant
fraction remaining bare.

(b) If it were assumed that only oxide is present on the
electrode, 1t would be difficult to explain the high Tafel
slopes observed since the known presence of an oxide on Pt

does not result kinetically in a barrier-layer film, at least

in the anodic #xygen evolution reaction (80),
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(o) 1If oxide were the only specles present on the electrode,
the mechanism by which the Kolbe resction éould proceed under
these conditions would be orly the one involving the initial
discharge step as. the rate-determining process, It will be
shown below, however, that the initial discharge step gannot
be rate-determiniﬁg in this case; hence =a subsequent step,
which must normally involve 2one coverage by a Kolbe apecles
must be rate-determining.

(d) In the cathodlc reduction, more irreversibility than that
usually observed with oxide on Pt is encountered, This can
be seen by comparing the effect of icath. on meé¥. for the
present case (Fig, 43) and for the case of the surface oxide

on Pt (Fig. 67). For a given increment in the & h, used in

cat
the transients, the cathodic shifts in values of chax° are .
substantially more pronounced when the slectrode is covered by
the "Kolbe" specles supposedly involved in the present case
(Fig. 43) than when it is covered by an oxide (Fig. 67)e Hence
the electroactive adsorded specles in the present cese consists,
at least partly, of a specles other than oxide.

Hence it mgy be concluded that the Ql is associated
wlth substantial coverage by a specles such as CH3COO' together
with some co-sdsorbed oxide. The conclusions that both
CHBCOO‘ and a.co~adsorbed oxlde are présent on the electrode

and that the low values of Ql/Q2 ratio are pnot due to the fact
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that the entire electrode surface ney perhaps be covered by
the bulky CHBCOO' species alone, iz supported by the following
Turther evicencet ' -

(a) The presence of co-adsorbed oxide that would arise from
water in the aquecous solutions, would be expected to decrease
the rate of the kolbe reacticen at a given potential’, This
indeed 15 experimentally observed.

(b) The presence of more than one specles associated with the
arrest for the “modified" (mixed) oxide is also suggested by
the -effect of 1cath. on C
shifts both values of Ve

maxe
"overpotentinl" effects (46) (Fig. 43); however, the effect

and VC . Ineregsing icath.

to more cathodic potentiels due to

aX,

of 1cath. on the values of cmax. themselves is more revealing,

Increasing 1catn, Shifts one C . {(1.e., for the Headsorption

max
pealk at'ch = 042 V) to higher values as predicted (46)

(Fig. 43): however, the dependence 4f the sseord Cmax.

(i.e., the one for the "substituted" oxide peak with “Cpax,
[ ]

0.5 V) on Yeatn, 15 not a systematic one (Fig. 43), thus

suggesting that more than one species may be present e.ge.,

CHBCOO' with an oxide,

#¥The possibllity of any mechenism for the Kolbe reaction involving
oxide directly as one of the reactant speeles may be excluded

on the basis of erguments developed for the case of Pt in TFA
solutions (pe2 )l o '

o Fost i




(e) If the bulky CHSCOO' redicel were the only adscrbed species
present, the ratio Qlez would be expected-to ba less than
mity, Thig, it will be reccllectéd, i2 not experimentelly
Shserved,

In the foregzoing Aiscussion, it has hesn asswured
that the Kolbe a&~speciee present on the electrode (together
with the co-adsorbed oxide, of course) in the present case is
CHBCOO' and act CH,', The possibility of CHB. being the ad-
specles in the present case 1s excluded on the basis of the
following considerations,

(a) If CHS‘ were the adsorbed gpecies, i1t would be expscted
to be adsorbed on the platinum anode through the formation of
a "PteC" bond, since C is the electron deficient atom, "Pt-
C®* bonds are known %o be extramely stable {77). Henece CHB.
night be expected to behave 2s an slectro~inastive radical.

If CHB. wsre an electro-inactivs radical, as supposed atove,
it would most likely be adsorbed also on Pt in enhydrius
acetate solutions {gf. the case of P¢ in anhydrsus TFA solutions).
Sinece no harrier~layer of elactro-inastive CHB. radicals is
indicated by the results for the anhydrous solutions {where it
1s most 1likely to be involved), thara is8 no reason to believe
that such a radieal is the ad-specles in the pressnt case of
equeous acetate solutions.

{b) However, if it is now assumed {for the purposes of discussion)
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that CHB‘ were perhaps an electro-active species (unlike CFB.)
and was co-adsorbed with oxide in the present case, a separate
peak for the reduction of CHB‘ would be expeoted to appear in
the cathodic transients and potentiodynamic profiles since 033’
is quite different from an oxide and would be expected to be
reduced at a different potential, However, no such geparate
peak for the reduction of the Kolbe specles is observed, Only
one reduction peak appears in cathodic transients (Fig. 44)

and one in potentiodynsmic profiles (Figs., 61, 62, 63) around
0.5 V#* suggesting that the Kolbe specles involved is very
similar to the co-adsorbed oxide in its reduction ﬁehavlour,

b - T cnscoo' is the ade-species and it is adsorbed on the
substrate metal through "Pt-0" bdonds,

Hence, from the foregoing discussion, 1t mey be
concluded that the electrode, in the present case, 1s sube
stantially covered by & barrier-layer film of CHBCOO‘ together
with some co-adsorbed dxide (see Fig, 64),.

A plot of Q xs. v, (Fige 44} shows that Q increases
with increasing V1 up to 2,0 V but above 2,0 V, Q becomes
insensitive to any furﬁher increase in Vl. This agein suggests
that the Kolbe reaction, which commences at potentials greater

than ca. 2.2 V, is proceeding on & completely coveréd electrode.

“The hydrogen peaks at more cathodie potentiels are excluded
from the present argunment, '
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The values of Q and VC obtained from the charging
max.

peaks in the potentiodynamic profiles corroborate the above

conclusionse. The general behavloﬁr of the potentiodynamic

profiles is depigted in Fig. 61 in which peaks for Pt in potassium

acetate and sulphuriec acid solutions are compared, The general
similarity of the shapes of the peaks, and the potentials at
‘which they appear, strongly suggests that the peaks for acetate
solutions are "modified" peaks for oxygen and hydrogen deposition
and desorption processes. The profiles in Fig. 61 may also be
compared, for identification purposes, with the schematic
diagram in Fig, 1.

Ir Qp 1s the charge for the oxide reduction pesk in
the potentiodynamie profiles, and Qé the charge for the hydrogen
deposition peak, QA/QB ratios may be compared for several
relevant profiles (Table VI), It may be seen in Table VI
that the ratio Q,/Q; (£ 1.5) for the case of Pt in aqueous
CH,COOK solutions is noticeably lower than the Q,/Qy ratio, for
the case of Pt in H,S0, (ga. 2.4). This Q,/Qg ratio, it may be
recalled, has the same significence as the Ql/Q2 ratio discussed
in the case of the eathodic transients; thus, for example, the
value of the ratio QA/QB (= 1.85) obtained at a slower sweep
rate (aV/dt = 0,73 V sec.™l) 1s, in fact, tdentical with the
Q,/Q, ratio obtained from the cathodic transients (vy = 2,5).

Since the ratio Q,/Q for Pt in H,SO, solution is

1ncreased by 57.7%5 over that for Pt in acetate solution (measured




at the same dV/dt), it may be concluded once again that in the
aqueocus acetate solutions the surface coverage indicated by the
pealk with chax. = 0455 V 18 associated with species which are

on the averace bnlkler}than the oxlide specles, so that CHBCOO’ COw
edsorbed with oxide may be the specles involved., Any possibllity
of & part of the surface being bare or cofered by’CHB' is

excluded on the basis of arguments elaborated previously in

the foregoing discussion, _

A comparison of Crax. [where in this case Cpax, =
1max./(dvlat)] values for the peaks in the potentiodynamic
profiles reveals a similar trend. Thus the value of cmax. for
the gxide reduction peak at Pt in Hasou is almost twice that
for Pt in aqueoﬁs CHBCOOK in the same reduction region, whereas
the Cmax. values for the hydrogen deposition peaks in the two
cases are of gomparable magnitude for the same renge of poténciale
scanned and for similar sweep rates (Table VII (B)}. This
again suggests that for the case of Pt in aqueoué CHBCOOK
solution, the.reduction peak is; in fact, one for a reduction
process involving & "modified" (mixed) oxide (see Fig. 64).

From the foregoing discussion, 1t may be concluded
that the Kolbe reaction on Pt 1n.gggggg§ CHBCOOK solutions
proceeds on a surface covered by a barrier—layer fila of CH3coo'
Together with eppreciable co-adsorbed oxide (hence the initial

discharge step gapgnot be rate-determining); the high Tafel
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slopes observed can then be explained on the basis discussged
for the closely analogous case of Pt in nominally aqueocus TFA
solutions (p. 197). |

(iv) Gold in Potagsiup Acetate-Acetic Actd Sa lons

The experimental results for this case have been
summarised in Table V,
Beectlon in Anhvdrous Solutions

The reaction in anhydrous solutions in the present
case was not carried ouf An_vacuo and the soluttons thus were
susceptible to slight contamination by diffusion of traces of
atmospheric moisture. That these minute traces.bf moisture
were indeed present in the solutions when the measurements Yere
carried out is indicated, in a preliminary way, by:
{(a) Hysteresis betwéen the ascending and descending iV
relations (Fig. 14),
(b) The rest potential of ga, 1.3 V.,
(c) The residual potential of ¢a, 1,28 V,

On forced decay from the residual potential, two
arrests are observed which manifasgt thenselves as two cmax

in the C~V profiles (Fig, 45)e The values of the two Ve
nax,

n) "2 -
are 0,78 V (Cmax. = 1150 pFe cme <) and O.Lb V (cmax. = 2050
ue, om.'z); these values of Vc . suggest that the two Cmax.
are assocliated with the reduction of two oxides with different

formal stoichiometry., The large Q values (0,839 mC, cm.'z)
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szein suggest the presence of appreciable amounts of adsorbed |
oride and the sbsence of any significant aﬁounts of bulky
sdsorbed XKolbe species. The C and Q values obtained from

the forced decay profiles, acain, sre very high (Fig., 46® ;
Table V). The V, valves sve in the range 0,18 V to

0.88 V depending ozaiie 1.atp, Bsed in the transients (Figs,
46, 47), The effect of Loatn, o0 Vg is in the predicted

naXe
direction (Fig, 47): however, the shifts in C values with

meX,
increasing 1cath, do not show & systexatic trend perheps due
to co-adsorption with oxide of small amownts of Kglbe ade-
epecles. The conclusion that these high & and C values are
assoclated with the presence of substantial amounts of adsorbed
oxide and pnot a Kolbe ad-speclies is supported by the following
arguments.
{(e) If the Q@ and C values were associated with substantial
cmounts of CH,C0C® or CH,*, a barrier-layer £1lm would be
encountered by the cherge transfer process, resulting in Tafel
slopes D> 2RT/F; this has been consistently observed in all
previous cases in the present investigation, as mentioned in
the foregoing disocussion, The fact that the experimentel
Tafel slope in the present case is egqual to 0.1l V indicates

the absence of any such barrier=layer film and hence of adsorbed

*The sharp Cpax, peaks in Fig. L6 are usually indicative ofmbulk
tyoe layer of the adegpecles, 6.g., oxide.
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"Kolbe'" specles.
(b) When the plot of Q ys. V, 1s examined, it is found (Fig.
49) that Q increases with increasing V, below the potential of
commehcement of the Tafel region for the present case (1.9
V); however, at 1.9 V, with increasing V,, Q begins to decrease.
If Q were associsted with a Kolbe ad-specles, it would tend to
increase with V, well into the Kolbe region ( >2,1 V),
' Hence it may be concluded that the electrode is
substantially covered by adsorbed oxlde originating presumably
from traces of water in solution. Since the presence of any
adsorbed "Kolbe" sgpecies is not indicated, the f.d.s. must be
such as involves a coverage by Kolbe gpecles approaching zero.
The only possible step fulfilling this requirement is the
initial discharge step (step B, Table VIII), ~ If the initial
discharge step were rate-detemining, the predicted value of
the Tafel slope would be 2RT/F (Table VIII), in excellent
agreement with the experimental value of 0,11 V(Table V)
(cf. the case of Pt in anhydrons acetate solutions for which
similar conclusions were reached; p. 227),
Beaction Tn Agueous Solutions

The charactserisation of the products of electrolysis
in this solution shows that the Kolbe reaction does not
proceed sigpificantly on gold in aqueous solution (1M CHBCOOK
+ 1M CHBCOOH). This is in agreement with the conclusidns of
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previous investigators®{3,7,8)s Only oxygen could be detected
as a reaction products (C,F. 1s, however, & product at gold
in agueous TFA = see seotion 3(ii) in this Chapter and
reference 2),

Although Kolbe products could not be detected, it
was considered chﬁt an electrochemical investigation of gold
in this solutlion might reveal some information whioh could be
relevant to the study of the Kolbe reaction in a complementary
WRY e |

A comparison of the stesdye-state 1V relations
obtained in non-agqueous and agueous soclutions (Fié; %)
immediately reveals that the two relptions refer to two different
reactions. Thus, the rate at a given potentiel is hicher in
the aqueoug then in the neneagueous medium, whereas in all the
other cases examined, (Figs, 11,12,13), the presence of traces
or excess of water dlminishes the rate. This suggests that

in the present agueous solution the measured current density
refers to the rate of a process different from the one proceeding
in other cases disoussed, Thus the 1V relations confirm the

conclusions drawn {from anslysis of the products of electrolysis.

*Sugino and cowworkers (60} mention very briefly that they
obtained Kolbe products from eslectroiysis of agqueous acotate
solution on gold, The detalls of their work, however, have not
been published and were not available even through personal
corrmunication, : '
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The Tafel region observed in this case (Fig. 14)

is asgsociated with the oxygen evolution re&ction but the Tafel
slope observed in this case (0.09 V) is, however, substantially
greater than that observed for the oxygen evolution reaction
on gold (0,045 V) in acid salutions (73).

| Several features of the experimental results indlecate
the presence of substantial amounts of surface oxide and are
summarised below. |
(a) The rest potential is 1.23 V,
(b) A brownish deposit on the electrode was visually
observed and an unusual amount of "noise" on the signals in
open-circult experiments was encountered possibly because of
the presence of a thick resistive oxide film.
(e} Extremely long arrests having & small or zero slope ("infinite"
capacity - see photograph in Fig. 53) are observed in cathodic
transients; an appreclable increase in Q valueé with increasing
v, (Fig. 53) 1s fbund‘ﬁhich is consistent with film growth
mechanisms,
(d) Two capacity mazima with values of chax. lying between
1.08 V and 1,85 V suggest perhaps the presence of two oxides
of distinguishable stoichiometry (Fig. 50); appreciable values
of C ., (Fiz. 50) arise. ' |

When the effect of % on C and Vb values

cath, maxe nax.,
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is examined, the shifts {(Fig. 51) are found to follow the
predicted trend (46)., This probably indiocates (gfe Ppe 184 )
that only one speclez, l.e., Oxlde, iz present on the electrode,

Hence 1t may be concluderl‘ that in this’ solution, the
gold electrode is covered by a substantial oxide film and the
Faredaic process i)roceeding on the oxide surface is simply
oxysen evolutione.

(v) Sumpars
Mechanistic concluslons are sunmarised in the Table

IX glven belovw.
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Summary of mechanistic conoclusions.
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Table IX,

Identity of Adsorbed Species

Hdate-Determining Step

Electrode/Solution | Water Content b
.Aﬂln.m.v
(1) None 0.215V | A barrier-layer film of %m %wﬁsr.nmunoo..lv
Pt in (11) Traces 0.22V A barrier-layer film of nmunoo. omunoo.aaromuooo..lv
1% KTFA/TFA + some cosadsorbed oxide ommm+mno~+o
{111) Excess 0.25 V | A barrier-layer £ilm of amunoo. %uaoo.nxromuoooﬂlv
+some co=-adsorbed oxide . omwm+moom+o
(1) None 0,16V | A barrier-layer film of CF ,C00° %uooo.::émuaooﬂlv
: nmmm+m8m+o
Au in . (11) Traces 0.175V | A barrier-layer film of nmmnoc. omuooo;zvémuoooulv
1M KTFA/TFA . ‘ + some co=adsorbed oxide ommm+mnom+m
(111) Excess 0,17V A barrier-layer film of a.,uooo. amuaoo;zrémuooonlv
+ some co-adsorbed oxide nmmm+mnom+m
Pt 1n (1)  None 0.14V None amuooo..lv omunoo.gim
1M omuoccm\dmuooom (14) Excess 0.26V A barrier-layer film of nmuooo. omuooo.azv+nmwnooullt.
0.165V + gome co-adsorbed oxide owmm+mnom+a
(L) Traces 0,11V A barrier-layer film of nmunoo. omuaoo.ﬁ?amunooullv
Au in + some co-adsorbed oxide ommm+moo~+w
1H omuooox\omunoom (11) Excess 0,09V Oxide eeew-only 0, evolution
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L, INHIBITION OF THE OXYGEN EVOLUTION REACTION AND RELATED
PROBLEMS )

(1)  General
In the foregoing discussion it was concluded that

the presence of go-adsorbed oxide on the electrode, originating
from traces or excess of water in the solutions, results in
partial or complete (e.g., for the case of gold in aqueous
acetate solutions) inhibition of the Kolbe reaction. However,
the important and related problem that the Kolbe reaction

usually proceeds in preference to oxygen evolution in agueous
.aoetate solutions on Pt and Ir at higher potentiais (>ega. 2.2 V),
has not been considered. An attempt will therefore be made

here to examine the various factors that may be involved in

this phenomenon,

(11) Inhibition of Oxveen Evolution

From the forégoing discussion, it has been concluded
that an effective barrier-layer of RCO0® radicals may exist on
the Pt electrode when the Kolbe reaction is proceeding in
aequeous acetate solutions, This, it may be suggested, not only
can cause an anomalously high Tafel slope for the Xolbe reaction
itself, but would alsoc have a similar effect in any discharge

of gpecies f:om water to form oxygen. The Tafel slope fqr
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such a process invelved in oxygen evolution would thus be

raised, so that at the high potentiels at which the Kolbe

reaction proceeds at_moderate or high rates, the oxygen evolution

reaction would hence proceed only much more slowly than 1t

would (at those same potentiamls) in the absence of the Kolbe

species. Hence the efficiency of the Kolbe reaction 1s higher

than would be expected by comparison between the Tafel para-
This

meters for the two reactions considered separately.

may be schematically represented as follows.
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KK' is the Tafel line for the Koibe reaction; 00
i8 the Tafel line for the normal oxygen evolution reaction,
$i+8ey In the absence of a barrier~layer fllm of adsorbed
radicals (e.g., for Pt in H,80;)5 00! is the expected Tafel
line for the oxygen evolutlon reaction in the presence of a
barrier-layer film of adsorbed RCOO° radicals on the elsctrode.
It may be seen that et potentials higher than those represented
by point C, the crossing point of KK!' and 00!, the Kolbe
reaction would be expected to be the preferrsd process. In
the absence of such an effect it is difficult to explain why
oxygen evolution should pet bs the major-process‘at higher
potentials on Pt or Ir in aqueous acetate solutions, when the
normal Tafel line for the oxygen evolution reaction in aeid
solutions (i.e., in the absences of eny adsorbed barrier-layer
films on the electrode) commences at & lower potential and has
a lower slope than the one for the Kolbe reaction (see Figs.

11 end 132). "

A second effect may ccour in a different way and arise
from the effect of one adsorbed speclies on another and on the
kinetics of two processes tending to occur simultaneously.
Thus, co-adsorbed BCOO species ("substituted surfece oxide") may
change the energy of adsorption of intermediates ("OE" or "OW)
(33) in the oxygen evolution resction. Twe types of eftgct may

then arise; (a) the steady-state coverage of such specles mey be




modified and hence the rate of the oxygen evolution reaction
could become changed; and (b)) the presen&é of co-adsorbed
specles such as RCOO* may raige the activation energy for steps
in the oxygen evolution réaction, €+8+y by weakening bonding
of the adsorbed species to the surface (69).
(b) Belation to Varjous Problems

The above cansiderations may also be useful for
considering certain other important aspects of the Kolbe
reaction, e.g., (a) the effect of the anode naterial, (b) effect
of the potential of the working electrode, and (c) effect of
the concentration of the electrolyte, etc., on the Kolbe
reaction,

(a) Anode Materisl

It is well-known that the Kolbe reaction proceeds
inefficiently in agueous medium at electrodes on which the
presence of nmulti-layer oxides is unambiguously-established,
Se8es N1 (3,7), 4u (3,7), Fe (85), Mno, (7), PO, (7,60). This
is perhaps associated with the fact that the rormatidn and
presence of appreciable oxide inhibits the adsorption of
RCO0® radicals (through metal-oxygen bonds) or R® radieals.
In‘the absence of adsorbed RCOO® or R® "barrier-layer" films,

the Tafel line for the oxygen evolution reaction has a normal
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slope (80) (represented by line 00)3; any enhencement of this.
slope to give s line 00! ang consequentlyha crossing-point ¢

is therefore not possibdle, In other words, even at the highest
potentlals, oxygen evolution would be expected to be the
predominant process because the Tafel line for the oxygen
evolution reaction commences st a lower potential and has a
lower slopc than the cne for the Kolbe reaction.

In pon=-agueouys medis even on these electrode materials,
oxygen evolutlon is excluded and the only possible reaction is
the one involving Xolbe species. In terms of the above
diagram, the Tafel reglons corresponding to 00 and 00! lines
are never involved, and indeed it has been observed experimentally
that even on electrodes covered by some oxide layer (60), the
Kolbe reaction proceeds with good efficiency in'non-aqueous
media, e.g., at Pb02 electrode in acetate/glacial acetic acid
solutions (60), and at gold anodes in nomlna11y anhydrous
CH,CO0K/glacial éﬂjcobﬁ solutions in the present work, A
consequence of the arguments developed above is that on electrodes
covered predominantly by oxides, since R* and RCOO® cannot be
easily adsorbed, the Kolbe reaction in non-aqueous media must
proceed with initial discharge es the r.d.s; any other step,
1f rate-determining, would imply some coverage by R® or RCO0°,

In the present investigation, it has been observed that on gold

1h norlnally anhydrous potassium acetate solutions (see Table V),
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the Kolbe reaction does, in fact, proceed oh an oxide-covered
electrode with the initial discharge step as the probeble ratee
determining stage (p.24a), At present, insufficient deta are
avallable to test more thoroughly the various points mede in
thls discussion.

(B} Anode Potentia)

It has been experimentally observed that the Kolbe
reaction proceeds with increasing efficlency as the ancde
rotential 1s raised (or with increased anedic current density
in galvenostatic measurements) in aqueous solutions (3,8,14,
18,25,85). This is easily understood in terms of the above
dlagram: the higher the anode potential, the greater will be
the separation hetween KKt end 00%, i.,e., at higher potentials
the rate of the Kolbe resction will be increasingly greater.
than that of oxygen evolution reaction.

(v) Congentration of the Electrolvte .

It has usually been observed that increased concentration

of the electrolyte in aqueous acetate solutions results in an
increase of the coulombic efficlency of the Kolbe reastion (3,
8,14,18,25,85). Incressed bulk concentration, (Cz)ys of the
reactant part of the electrolyte would be axpected to increase
the surface concentration, (CR)s of the reactant speclies; the

(Cp)y, is related to (Cy), by the isothern




where AGD 1s the standerd slactrochemical frae enersy of
adaorption of R and will be defined for appropriate gtandard
stales for H in the Hulk and n the surfsce layer,

IT the ﬁalbe‘reaction and the oxygen svolution
reactlion were proceeding in the sane rotontial region and with
comparable rate constants, the inarease in coulambie officlency
for ethane formetion with inereased acetnte asncentration® in
agueous gsolution would be simply due %o inorenssd surface
concentration of the reactant speoies, R, Howevér, vhan the
Tafel line for the oxygen svolution reastion cormences at a
lower potential and has a lower slope than the sne for the
Kolbe reaction, tho above arplanation Tor the sffect of the
aoncentration of the electrolyrte wonld not he valid. Anothex
explanation which seems plausibdle is that at higher bulkvacetate
concentrations, the surface concentration of the reactant snecies
inoreases with a congeguently incrsased barrier«layer filn effect
for the oxygen evolution reastion; this would tend to bring
the point C down on the potential axis (see the above dlagram)

#This effect of concentration ®1lll, of course, only change tne
rate (at & given overpotentisl) at concentrations greater than
L2+ 0.5 M where the 4 potentiel tends to become independent
of concentration, so that the increase of (03)8 is no longer
cancelled by diminishing 4 (40). :
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with a consequently more pronounced separation of KK!' and 00¢
at higher potentials in favour of the Kolbe reaction,
(6)

A mattexr related to the above considerations is the

interpretation of the Tafel slope, observed in the case of
oxygen evolutioﬁ on gold in 1M CH3COOK solution in water (see
Table V) where po Kolbe reaction oceurs. In the acetate
solution, some adsorption by RCOO® radieals may take place
glving rige to an effective barrier-layer on the.electrode
with a consequent increase in the Tafel slope to.0.09 V from
the usual value of 0,045V, This increase in thé Tafel slope
for the oxygen evolution reaction is perheps still not high
enough to shift 00 to 00! to such en extent that 00! crosses
KK' (see above diagram) at some easily accessible potential;
siﬁce point C thus will not be easily reached, no XKolbe reaction
would be expected, However, if very high conoentratidns
(€eZop, >10 M) of CHjCOOK were used and if a potentiostat were
used which could control the potential of the electrode to
values much higher than those usuelly reached (ga. 2.0 V)

in this case, the possibility of achieving rates beyond the
point C on the line KK' (see diagram above) and hence observing

the Kolbe reaction would perhaps not be entirely excluded., However,

this tentative suggestion has yet to be verified experimentally,
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(111) Innibition Inflexion

In the potentiostaetic steady~staté logfij-v relations
for gold in nominally anhydrous 1M CFBCOOK/CFBCOOH solutions,
an inhibitlon inflexion is observed in the potential regzion,
&2, 1.6 V to 1.8 Vo This inhibition inflexion is indicative
of a co-adsorbed inhibiting specles (62); however, it is gpot
always observed when the presence of a co-adsorbed inhibiting
specieé is Bsuggested by other evidence, This inflexion
behaviour would tend to be observed only when both i {l.e44
the rate) ang o (L.e.y the coverage)were dependentxon potential
in the gape potential region. In such & case, the rate i

could be expressed as

1 =% eaVF/RT é-k'VF/RT 0=kt )VF/RT

o
where k' 1s a coefficlent expressing the potential dependence

of © and a is a transfe; coefficlent determining'the potentinl
dependence of the iatelin the usual way., When k' > &, an
inversion in the log[i]-V line, i.e., an inhibition inflexion
will be observed (Fige. 12) as treated previously (62). However,
if k is finite but smaller than a, only & chepsme of slove in
the’log[ij-v line woula be observed; an inhibition inflexion
1sAactually a limiting case of this'change of slope, i.e,, when
the slope changes in sign and the kinetics hence exhibit an

inversion.




N ke oo e et e e o -

Complete inflexions of the type observed in snodio
reactions which proceed at lower potentiais (0 -1V EH)
8eZey formate and‘hydrocarbon oxlidations, are not usually
observed in the Kolbe reaction but some changes of ‘glope of the
kind referred ta above do arise, The absence of the first
effect is understandeble when it i8 noted that initial coverage
of the Pt electrode by oxide species has‘already ocourred at
potentials up to 1.0 = 1.2 V Ey and only secondary changes of
the oxide filw proceed at potentials higher than this renge.
Hence the absence of primary inflexion effects is accounted

for.

5¢ -COMPARISON WITH RECENT WORK

A brief critical assessment of recent work on the
electrochemistry of the Xolbe reaction (2,3,11,60) is presented
in this sectlion of the thesis in relation to the present results.
No attempt has been made, however, to review such recent work
on the Kolbe reaction as involves considerations only of the
organic aspects of this reaction (81,82,83).

Pende and Shukla (11) have reported some studies
on tre Kolbe reaction in agueous sclutions of the sodium salts
of the carboxylic acids with the general formula cnﬂzn*chONa.
The Xolbe reaction in sodium acetate solutions was not studied.

These workers reported some potential ys. current plots;'
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however, they falled to discuss logically the mechanisms they
broposed in terms of expected Tafel relstions. The mechsnisms
pronosed by these authors were based solely on the nature of
reaction products obtained with little reference to the ’
electrode processes, adsorbed intermedistes and kinetic behaviour
involved, Moreéver, these aunthors seem to have overlooked

all the relevant work on the Kolbe reaction done since 1936,
wspecially the excellent work of Clumius end co-workers (28,
29,30) and also that of Wilson and Lippincett (31).

Dickinson and Wyrme-Jones (3} carried out electrolysis
of agueous ecetate solutlons and studied the mech&nism of' the
Kolbe remction on Pt, Ir, and Au anodes in these solutions.
They observed high Tafel slopes (>>2HT/F) on Pt, which is in
agreement wlth the present work and the related previous work
of Conwaey and Dzieciuch (2,6)., On gold, they observed the
evolution of oxygen only; +this, again is consistent with the
present work.

However, Dickinson and Wynne-Jones suggested a
mechanlism which is seemingly not consistent with the electro-
chenical kinetic analjsis of the reaction. A brief discussion
of thelr conclusions is glven below.

According to Dickinson and Wynne-Jones, at low
current densities, OF radicals are discharged at, and sub-

sequently removed from, the electrode {Pt or Ir) in preference
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to acotate rodlicals, resulting in the predominant evolution of
02 with 11lttle participation of the Kolbe remotion, Abvove
e critical current density, discharge {angd subsequent decon-
rosition and desqrption) of acetate radicals is favoured over
discharge of OX radieals, resulting in the occurrence of the
Kolbe reaction and inhibition of 0, evolution. It is postulated
that at hisher current densitles at which the Kolbe raaction
proceeds more efficiently, scetate rzdicals erec discharged
on an electrode alresdy fully covered in the steady-ctate by
| acetate redic#ls, ¥hen tho second acetete redical bYecomes
discharged st a site slready occupied by a previoﬁsly discharged
acatéte redical, a situation of instability results, it iz
claimed, which is only remedied by ﬁhe desorption of both the
radicals from the electrode in the form of a Xolbe coupling.
product. On Au and Ni, it was found that the Kolbe rsaction
dld not occur even at the highest current densities used
( > 30 na, cm.'z): only oxygen evolution took place.

The experimentsal Tafel slopes reported by these
euthors are as follows for electrodes at which the Kolbe reaction

proceeds.
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Metal Tafel Slave . Trengition Romion
Lowaer Upper v
1. re 170 uV 130 nv Welledefined

2e Ir Hot woll-defined 120 nV Well=defined

These authors did not put forward a scheme of
consecutive elementary processes (éﬁ. 2) that might be involved
in the overall Kolbe reaction involving transfer of two electrons.,

Although not stated explicitly, it is implied in the
discussion of Dickinson and Wynne-Jones that the rate-determining
process 1s the chemical desorption of two methyl radicals from
the "same" site, Since 1t 1is supposed that the electrode is

fully covered with acetate radicals, 1t follows that the initial

discharge step (CHBCOOEE:iE:CEBCOO' + e¢) and the subsequent

heterogeneous step préducing nethyl radicals on the electrode
surfacs (CHBCOOt-—a>CHB’ + 002) must have rate constants
greater than that for the final methyl radicel recombination
step which resultsﬁin ﬁhe formation of the Kolbe product CZH6
ty desorption of two methyl radicals (CH* + Byt S.CoH).
In the reaction sequence proposed by Dickinson and Wynne-Jones,
the detelled mechanism of production of 02H6 from diséharged
CBBCOO‘ lons was not examined. It is stated that the C He
arises from discharge of two acetate specles at the sane site
through the intermediate formation of CHB‘ radicals, However,

kinetically it seems necessary end preferable to separate




e
i

f262-

this process into two steps involving the decomposition of the
CH,CO0*/H (— MCH5® + CO0,) and the subsequent rsgopbination
of CHB' radicals, viz,

L2

BM-————’-ZM + CZHG

2CH

Then if the rate‘constant for the desorption step were greater
than that for eilther of the first two steps we have suggested
above, the electrode would not be fully covered with methyl
radicals, Thus, in general, in terms of thelxr wechanism,
appreclable coverage will tend to arise if the ra#e constant
for the "desorption" process is less than that for the
dlischarge step at all potentials, i.e., the former step is rate-
determining. A deduction of the Tafel slope for the reaction
under these conditlons (i.e.,, fully covered electrode with .
desorption as the rate-deternmining step) would piedict a trend
towards a limiting current (infinite Tafel slope) and not the
finite Tafel slopes observed by Dickinson and Wynne-Jones, -
Hence, the conclusions of these authors do not seem to be
conslistent with the electrochemical kinetic analysis of the
problen, Nevertheless, the Lxperimental contributions in this
work have advenced the knowledge of the electrochemical behaviour
of the Kolbe reaction in important WBYS.

The difflculty arises here that in the work of Dickinson

and Wynne~Jones, the overall process was not dlscussed in terms
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of all the kinetically distinguishable elementary processes
which seem likely to be involved nor were the consequences
quantitatively evaluated in terms‘of the theoretically
predictedble pa;ameters of electrode kinetics,

Similar comments may be made about the work of Sﬁgino
and co-workers (60), who carried out potentiostatic studies
’on the Kolbe reactéon, both in aqueous and non-agueous media,
These authors reported currentepotential relations (and not the
usual log{ currentl=potentiasl relations) but did not discuss,
even qualitatively, the way in vhich these relations could be
used in a diagnostic manner (i.e., through Tafel slopes and
coverage effects) in determining the rate-determining step in
a sequence of elsmentary consecutive processes involved in
the overall, two eleotron, Kolbe reaction. Most of the
evidence of these authors 1s concerned with the analysis bf the.
products formed {cf. 11) under various experimental conditions
in the Kolbe decarboxylation. Although these'authors arrived
at conelusions which support the free-radical theory for the
Kolbe reaction, they did not, however, discuss the mechanism of
the reaction in terms of electrochemical kinetic theories of
possible consecutive processes involved in the overell reaction,
Obviously, a combination of both approaches is desirable.

Conway and Dzieculich (2) applied modern electro-

-chemical approaches to the study of the Kolbe reaction in.

§ pecuesnsaaon
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anhydrous and aqueous trifluoroacetic acid which was chosen to
minimise side oxidation reactions of the R group. They have
made an analysis, both theoretical and experimental, of the
various possible consecutive steps involved in the oversll
Kolbe reaction and deduced the assoclated Tafel slopes for |
various condltions of adsorption of the possible intermediates.
They approached the study of this organic electrode process with
the purpose of studying the clectrochemical behaviour of the
adsorbed intermediates and relating, in a quantitative way, a
varlety of complementary data that can be obtained by such
studies. The high values of Tafel slopes ( > 2RT/F) and
apprecliable values of charge and capacity observed by these
authors are, in general, consilstent with the more detailed
potentlostatic investigations reported in the present thesis.,
However, the following comments may be made about the work Af
these authors,

(1) The electrochemical measurements reportéd by these
authors were carried out under galvanostetic conditions. The
galvenostatic measurements, as it mey be recalled (Chapter I),
are not as satisfactory as controlled-potential techniques used
in the present investigation for examining the behaviour of

adsorbed Intermediates and the current-potential relation.
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(11) The role of surface oxide in the Kolbe reaction was

not established in an unambiguous way in the work of Conway and
Dziecieunch, This has been attempted in the present investigation
by (a) making the TFA solutions very enhydrous by adding small
enmounts of trifluoroacetic anhydride; .and (b) carrying out the
experiments wiéh Pt in anhydrous acetic acid solutions under
vacuun; (c¢) by examining the reaction of Pt0, with aqueous

(1 CH,CO0K + 1M CH,COOH) solution.

Eberson (68) has raported some investigations of the
Kolbe reaction which involve some fundamental conceptual
errors. He falled to appreciate that this reaétion is a
special type of heteromensous reaction and not e homogeneous
reaction, LEis calculations of the "thermodynamic potentials"
for various possible steps in the overall Xolbe Treaction are
therefore invalid. This fundamental error in Eberson's paper
has not been realised by Leung and co-workers (84) who quoted
Eberson in their recent paper (84), Leung and co-workers
presented Tafel relations but did not discuss thelr kinetic
significance, _

Fleischmann, Petrov and Wynne-Jones have reported (35)
an investigation of the Kolbe reaction by e potential pulse
technique, These authors conclude that ethane formation proseeds
by a second-order reaction betwesen acetate radicals, Tbe report
of their work (35) was, however, too brief to merit any further

discussion,
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Any conclusions regarding the 1dent1ty of adsorbed
species based on electrolytio preparation of some organic
compounds are not unambiguous since substitution by bvoth CHB'
and CHBCOO’ radicals has been reported in the literature (32,86,
87,88). These investigations, howsver, are quite useful
in.explalning the formation of side products in the Kolbe
electrosynthesis, In eases in which the Kolbe coupling
reaction has been reported to fall, a more extensive oxidation
of the adsorbed radicals giving rise to a carbonium ion has

been indicated (89); e.g., a reaction sequence of the type
RCOO™ —= RCO0®* — 2% ¢ o, + e

1s believed to proceed,
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CLAIMS TO ORIGINAI RESEARCH

(1) Potentiostatic steady-state logl1]-V relationships have

been examined for platinum and gold electrodes in yery

anhydrous 1M KTFA)TFA and 1M CHBCOOK/CHBCQOH solutions and

in these solutions containing traces or excess of water, A
comparison of the 1og[1]-v relatlons for ascending and descending
directions of potential change in solutions containing various
emounts of water has been carried out and the behaviour observed
1s discussed in relation to the bresence of adsorbed intermedietes,
(11) Potenticdynamic, non-steady-state i~V relations have

also been exanined. In cases where charging peaks are obw

served in the potentiodynamic profiles, the pseudo-capacity C

and charge values associated with various peaks have been
quantitatively related to the possible identifies of adsorbéd
intermediates involved in the Kolbe reaction and thence to the
nmechenism of the Kolbe remction itself, |

{111) Differential galvanostatic transient methods have been
applied to the study of the Kolbe reaction, The differentiated
cathodic charging profiles were obtained by applying a cathodic
pulge galvanostatically at various pote

initial anodic potentials. The C—Y profiles have been calculated

from these transients and values of C end V, s end the
n max.

aXe

effect of 1ca on these quantities has been qualitativel& _

th.
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related to the ldentity of the adsorbed intermediates, and
thence to the reaction mechanisms in suitable cases.

(1v) The possibility of relating the Tesidusl potential and
the rest potentilal empiriéally to the type of ad-gpecies 1qvolved,
has been proposed. |

(w) Experlmentél data and derived conclusions have been
presented which lead to an evaluation of the role in the
klnetics,of (a) electro-inactive ad-species, CF,* and (v)
"gubstituted" oxlide species, RC00°, which have been considered
and discussed at the appropriate places in the thesis.

(vi) A variety of evidence has been presented which indicates
rather strongly that the presence of co~-adsorbed oxide is not
only not necessary for the Kolbe reaction to proceed but is,
in fact, a specles which can inhibit the Kolbe reaction. _
(vii) Various types of rate yg. charge plots have been intro-
duced which show the relation between the rate of the overall
Faradaic process and the coverage by adespecies present on the
electrode in -the potentlial region to which the rate and the
charge refer, These plots are used in the derivation of
oonclusions on the naﬁure of the ad-gpecies,

{(viii) A comparative way of plotting the potentiostatlc steady-
state logl 1]~V plots has been introduced in which the rates

at 8 given potential for a glven electrode gan be compared in
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various solutions which differ from one snother only in regard
to the amount of water present. Such a fémily of comparative
plots, when supported by evidence from the transient studies

in the corresponding solutions, canm yleld & direct method of
testing whether or not the ad-species arising from the presence
of water in the solutions participate as a reactant in the Xolbe
reaction or only as an inhibiting specles.

{ix) An nypothesis has been proposed which seems to provide a
plaugible explanation for the 1nﬁrigu1ng phenonenon of
inhiblition of oxygen evolution at higher potentla;s on platinum
and iridium in agueous acetate solutions. The relation of the
proposed hypothesis to several important problems of & general
nature has also been examined. | “

(x) Hechanisms for the oversll Kolbe reaction on Pt and Au in
Xexry enhydrous 1M XKTFA/TFA and 1M CH3CQGK/CH3000H solutions

and for these solutions in the presence of.tracés or excéss of
water, have been propdéed. The mechanistic proposals are based
on (a) kinetic analyses of the potentiostatic steady-state
logl1]-V relations; (b) indications of the identity of the
ade-specics as derived from complementary evidence of various kinds,
and (o) lmowledge of the products of electrolysis as indicated
in the previous literature and confirmed in this laboratory. A
critical comparison with recent related work reported by other

investigators has also been presented.
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APPENDIX

Immedietely following the completion of the main body

of the present thesla, twe lmportant papers by Fleischmann,
FHansfield and HynmeeJones <90) on the mechanism of the Xolbe
reaction appeared.in the literatﬁre. These authors have
aepplied a new theoretical and experimental aepproach to the
problem of the HKolbe reaction. A repetitive poientiel pulse
techmique [gf. (31)] wos used and an sttempt was made to
develop the essentlal non-stesdy-state theory for the production
of Kolbe and other producta under the conditions that obtain
in the above technique. Alse a study of the behaviour of
oxides at the surface of platinum electrodes in aqueous acetate
solutions was carried out, On the basis of the investigations
reported, these authors proposed that in the production of
ethane on platinum in agueous acetate solutions, initial discharge
of the acetate ions is the rate-determining step. This
conclusion requireé, however, further discussion and some
relevant poinés are recoided belowe.

(1)  If the initlel discharge step wers rate-determining, as
thege authors conelude, then its rate-constent kl gonld have

to e appreciasbly smaller (taking into account the appropriate
units for the verious k*s) than the rate constants for the
subsequent stops (in their scheme) with the result that the
coverage § would tend to zero., In that case, it is difficult
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to see how their eguation [141* (90, pp. 524), which it is
supposed explains high Tafel slopes for a rate-determining
discharge step under "Temkin" conditions (see footnote on
PP. 534, ref. 90), can be meaningful for the mechanism used
in deriving it. | | |
(1) If, for the sake of argument, it is assumed that initial |
discharge is Jiot the r.d.s., then the derivation of equation [14]
(90, pp. 524) involves an assumption that in reaction [1]

(in thelr scheme) the back reaction can be completely neglected.
Thls, however; i1s not a generally acceptable assumption in

the kinetics of consecutive reactions. These authors suppose
that because the overall Kolbe reasction is "highly irreversible",
all steps in it are irreversidle so that rates of any such

steps in the backward direction (prior to the rate-determining
step) can be neglected. It 13 believed that this is not‘

necessarily true.

*That isSLd6/dt = k’iC - (1"8)"“51:‘7;: e.kSaez where fL1s the
saturation coverage (moles ecm™2) of the surface; © 1s any
fractional coverage; CA‘ is the concentration of the acetate !
ionsg; kl is the rate constant for the initial discharge step,
CH3C06'-5——- CHBCOO(M)+e; kg, 18 the rate constant for the 3
recombination step, 2033'(14)_551.. Colgs kg 18 the rate
constant for the electrochemiocal desorption step, CHB’(H) + i
cajcoo“_ﬁ_.. C, H +CO+e, '
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(111) There is another inconsistency in the second (Part II)
paper of these authors; assuming, as they do, that initial
dlscharge of acetate ions is the r.d.s., the numerical value
of kl would be expected to be much gpaller than that of k5a
(the rate constant for CH5 recombination; k, and ksa refer
to theilr scheme), which is at varisnece with thelr own obe
servations after allowing for the diffarence of units of Iy
and.k5a (ref. 90, ppe 535, Table I)a This particular
criticism is not invalidated by the fact that the estimated
values of rate constants quoted in Table I (90, pp. 535)
involve some complicating uncertalnties which thése authors
acknowledge, since the difference is seemingly beyond the
range of anticipated errors,

(1v) There are also some gqualitative discrepancies, it seems,
between the theoretically expected current-time transients
(90, Figs., 3, pp. 528) and the corresponding experimental
plots (90, Fig, 2, pbe 528)., This suggests that the theory
Presented may need some modification before 1t can explain the
experimental beharviour, The authors, however, do state that
there are difficultiés in obtaining quentitative information
from these plots.

(v) The authors state that, in general, "an anodic oxidation
nay go yla a surface compound formed on the surface of the

electrode from the solvent. In the case of water, this may
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be adsorbed hydrogen or hydroxylkradlcals ag well as a number
of oxides, a peroxide, or adsocrbed oxygen on an oxlde layer,
Alternativelvr, the oxidation may proceed on the layer, the
layer itself, rather than the platinum, forming the inert

substrate” (90, pp. 511). This statemsnt is centestable and
in the present thésis an attempt has been made to show that
in several cases oxide is co-adsorbed with ECO0® on the
electrode and is in fact an inhibiting species. Moreover
the concept of the electrode surface being only an "inert"
sink or source of electrons does not seem in general to be
entirely acceptable since the electrode surface uéﬁally
behaves as an active interface for electrochemical, heterogeneously-
catalysed processes, in this case fof the electrode reaction
itself,

(vi) Related to the point above, it is also implied that
complate oxidation of acetate is the type of reaction which
proceeds on the Pt metal "substrate" while the Xolbe »saction
is "restricted to the surface covered by the oxide layer®,
The present results show that the Kolbe reaction can not only
procasd on a surgface jigg of an oxide layer (e.g., See the
in yeouo acetate runs and snhydrous TFA experiments), tut
does so with a greater efficiency than in equeous media (see
Figs. 11, 12 and 13 in the present thesis) when oxide films

are present, | Also these authors mention that in non-aquebus

R T v
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nedium, oxide may still be present. The present results

ghow that this iz unlikely and other related work with Pt in
acetonitrile shows that very smell amcunts of surface oxide,
vhen present, cen be detected by the differentisl galvanostatic
mathod. |
(vi4) Thece authors argue that the formation of methyl radicels
hefore the formaticn of ethane in their measurements is
supported by the fact that trinitroxylene is formed (32) from
trinitrotoluene in the presence of sodium acetate (90, pp.
53€) .

The fact that only poor ylelds in the éiectrolytic
nethylation have becn reported (32) suggests that this perhaps
mry be only & ninor side reactiong in this connection it is
iaportant to note that much higher yields have been reported
for ancdic acetoxylations of warious organic substrates (86).

Finally however, it must be emphasised that rleische
manm, Mansfield and Wynne~Jones (90) have introduced, in an
elegant way,.a number of new ldeas and approaches to the Tield
of electro-~organic chenlstry which seem most promising for

the further development of the subject.
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