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(Reprlnted from Nature. VoI 189 No. 4768, pp. 914—915,
March 18 1961) -

Délayed Gas Evolution from Passive Films
formed in the Kolbe Reaction

During the course of electrochemical kinotie studics
on the Xolbe reaction, wo have observod a remarkablo
phenomenon, the details of which are.recorded here.
The classical Kolbe reaction involves the anodic
electrolytic synthesis of hydrocarbons from solutions
of salts of appropriato .aliphatic carboxylic acids.
As a model system for preliminary investigations of
the electrochemical kinotics of this reaction, we have
oxamined - the anodic reaction which occurs. in the
olectrolysis of a solution of potassium formato in
pure anhydrous formic acid ; in this case 1 molo of
carbon dioxide is ovolved in the passago of two
Faradays.

During steady-state olectrolysis of the above solu-
tion at platinum, gold and palladium electrodes, the
only gas evolved is carbon dioxide. The overall
reaction is hence formally! : -

2HCOO- — HCOO'X + CO, + 2
On intorrupting the current at platinum and gold
eloctrodes, the gas ovolution coases immediately in
the normal way.” FHowever;, on interrupting the
curront at a palladium electrode, the gas evolution
initially ceases, but is then followed by a further burst
of gas from the surface after a delay period of up to
5 soc., this gas evolution occurring in the complete
absence of current-flow. The effect at palladium is
quite reproducible and is best observed at a current
density greater than 10-! amp./em.? in 5-M solutions
of potassium formate in formic acid (pre-saturated
16 - SO
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.. .and the éffect. héride arises fro

"' be‘expected: by analogy with the: coupling resction

the delaysd gas evolution s not: obser red)
- gome property of the
n.-ig evolved “as: might

o,

palladium

palladium anode:: ‘No hydroge

occurring with acetic and other aliphatic acids, but -
this is understandable since any H radicals generated
by the anodic decarboxylation will ionize -rapidly. .

* 8t o rate of at least-10'° amp./om.? at the high anodie:

potentials (about 1:2 V. with respect to the hydrogen -
electrode in the same acid solution): required: for: -
significant rates of eleotrolysis of the : formie. acid. .
Hence it is improbable that hydrogen produced ‘in the-
- decarboxylation step and taken up into the: surface': .
regions of the palladium is responsible for. the effect,
and in fact the coulombic yields of carbon dioxide '
gas by continuous and repeatedly interrupted polar-
ization are identical within experimental error: and
no hydrogen is detectable by chemical or gas-chroma.:
tographic means under either set of conditions: of
polarization. . . Lo
Rapid _ciné-photography of the palladium surface -
with & simultaneous recording of the moment when- ‘
current stops flowing has enabled the delay-times. "
in gas evolution in interrupted polarization-'experi- '
ments to be measured with some pregision to about - ) j
01 sec. The delay-time in the gas evolution after ~ - - |
the. current stops is found to be & function of the- c
time of previous anodic electrolysis up to periods-of:
about 5 min. This suggests that the anodic electrolysis

'
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Fig. 2. Relationship of both the delay in open-circuit gas evolution

(from ¢iné photography) and the potential delay to the period of

prior anodic polarization at 10-* amp./em.~*, O, delayed gas
evolution; x, potential _deluy; 5M HCOQ_K/HCOOE
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y, non-stoichiometric?:
‘after net :current:ceases to ‘flow,

‘this Alm

arbon.dioxide, " The. formation of this film ‘appears

.osdilloscope, for the polarized palladium and platinum

shown “in Fig: 1. The pseudo-capacity associated
with the film at palladium is much greater (10-50
‘timnes) than that at platinum, and this is evidently
" the reason why the delayed decomposition is obsorv-
- able at the former metal although it may still ocour
‘but'not be visible at platinum or.gold. We believe
that the effect is larger at palladium than at the other
metals since palladium is less noble than gold or
“platinum, so that palladium hes a greater susceptibil-
ity to anodic oxidation. The delay in the open-
_-circuit decay trace of e.m.f. ag & function of time is
found to depend on the time of previous anodic
polarization, as also observed with the delay in
visible  gas :evolution on open-circuit. The delay in
‘the e.m.f. decay curve, in fact, is directly related to
the délay in the open circuit gas evolution as shown

_ thickness -of the anodically formed layer. Less
spectacular ‘self-discharge effects with non-delayed
evolution of oxygen oceurring over much longer
periods of time are known in oxide electrode systems

- .papers®-4." Visible delayed gas evolution effects are
" .not observed when the true Kolbe coupling reaction is
. proceeding, for example, in the electrolysis of tri-
- fluoroacetic acid, although galvanostatic charging
curves again indicate formation of surface films but
of thicknesses'much less than those found at palladium
in the formic acid solutions. o

B. E. Conway
M. DziecrucH

Department of Chemistry,
University of Ottawa,
. Ottawa, Ontario.
* « % Baur, E., Hely, Chim. Acts, 11, 872 (1928).
- 1 Conway, B. E., and Bourgault, P, L., Can. J. Cheni., 37, 202 (1059)-
 Bourgault, P, L., and Conway, B, E,, tbid., 38, 1657 (1960).

¢ Bourgault, P. L., and Conway, B. E., J. Electroanalytical Chem.,
1, 8(1950).

to-catalytically “with -evolution' of

' "0 be analogousto that of passive films formed anodic-

" eally, ‘for example, in ‘aqueous solutions at nickeland .

" ‘jron. - 'Determinations of the galvanostatic charging.
"and open-circuit decay curves, using & cathode ray

electrodes indicate the formation of surface films as -

in Fig. 2; both effects appear to be related to the-

-~ and'have been treated in detail in some of our previous .
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Repriiited from Proceedings of the Chemical Society, March, 1962, page 121
: C The Slgnificance of the Critical Potential in the Kolbe Reaction.
By B. E. ConwAY and M: DZIECIUCH
(DEPARTMENT OF CHEMISTRY, UNIVERSITY OF OTTAWA, OTTAWA, CANADA)

ield of Kolbe products R; from an aliphatic
:gg i{-COQH has. been found'~® to be a critical
function of potential, and the reaction occurs sig-
nificantly only above a certain limiting value of the
electrode potential, e.g., that for appreciable rates of
oxygen evolution!? in the absence of the carboxylic
acid. The exact significance of these potentials has
been little discussed. )

We have found that at platinum, gol‘d, or pa.ll?d-
ium in pure anhydrous trifluoroacetic acid containing
potassium trifluoroacetate as electrolyte and saturated
with carbon dioxide, high Faradaic yields (96 %) are
obtained of the Kolbe coupled product C,Fg (cf.
ref. 4) and no detectable oxygen evolution. This re-
action is thus specially suitable for quantitative
electrochemical kinetic study. Current-potential
curves (see Fig. 1) indicate that a critical potential is

- 8
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Fig. 1. Current-potential curves (Tafel lines) for
anodic polarisation of the platinum electrode in (A)
M-CF3CO,K in pure CF3COH (b = 0-26) and
(B) M-H-CO,K in pure H.COH (b = 0-14), at 5°.

reached at a limiting current density of about
10-% a. cm.~? in N-potassium trifluoroacetate in pure
trifluoroacetic acid, and 10~% a. cm.~2 in N-potassium .
formate in pure formic acid or in water. The sig-
nificance of the break in the curve and of the
associated critical potential has been examined by
the observation of galvanostatic potential transients
on anodic polarisation and reverse cathodic dis-
charge (Fig. 2). Both types of measurements indicate
the formation of a surface film of intermediates. The
charge associated with the arrest region in Fig. 2

1 Glasstone and Hickling, J., 1934, 1878; 1936, 820,
2 Pande and Shukla, Electrochim. Acta, 1961, 4, 215.

corresponds, for a one-eléctron transfer, to forma-
tion of a layer having a fractional coverage . of-
0-3—0+1 (based on true surface area®) depending
upon current density. The pseudo-capdcity of the
film at platinum varies from about 30 to 125 p¥ cm.~2
depending on current density, Films of 10—100
molecular layers are formed at palladiim (dependirig
on the time of previous polarisation) when anodic
decarboxylation of formate ions in formic acid is
occurring, and pseudo-capacities are between 700
and 4300 ur cm.~2; similar current-potential curves
are observed (Fig. 1). The inflections in Figs. 1 and 2
are not due to depolarisers and are also observed in
anodic oxide film formation, e.g., in passivation of
metals (cf. the Flade potential). We suggest, there-
fore, that the critical potentials previously mentioned
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Fic. 2. Galvanostatic cathodic discharge curves
Jollowing prior anodic polarisation for the indicated
conditions: (A) Pt,M-CFgCO,K-CH3CO.H, 61 X
10-2 a. em.~2, 310 sec. anodic, followed by cathodic
transient. (B) Au,M-CF3CO,K-CF3CO,H, 72 X
10-% a. cm."?, 304 sec. anodic, etc.; (C) PdM-
H-CO,K-H-CO,H, 59 x 10 a. cm.™?, 314 sec.
anodic, etc.

involve formation of passive films of a metal ‘“car-
boxylate” on the electrode and that the transition

region in Figs. 1 and 2 corresponds to formation and *

removal,® respectively, of this film which is then a pre-

3 Preuner and Ludlam, Z. phys. Chem., 1907, 59, 682; Shukla and Walker, Trans. Faraday Soc., 1931, 27, 727; Vasilev

Doklady Akad. Nauk U.S.S.R., 1960, 134, 879.

¢ Swarts, Bull. Soc. chim. belges, 1933, 42, 102,

& Bockris and Conway, J. Chem. Phys., 1958, 28, 707.
¢ Conway and Dzieciuch, Nature, 1961, 189, 914.
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F1:OCEEDINGS

requisite for subsequent steady-state occurrence of
the Kolbe decarboxylation, but it must be noted
that C,Fg-is still a product of the reaction below
the transition region. The critical potentials are
observed in aqueous as well as non-aqueous
formate and trifluoroacetate solutions and are hence
not related to a critical condition for discharge of

hydroxyl from water or OH~ ions to form hydrogen -

peroxide! or alkyl oxidation products. Also, since

the anodic reaction. in aqueous formate solution is
only a decarboxylation, the critical potential is not
itself specially related to hydrocarbon formation in
the coupling reaction.

Calculations of the relevant reversible potentials
for decarboxylation of aqueous formic and acetic
acid show that the critical potentials cannot be
identified with the corresponding reversible potentials
and in fact exceed them by some 0:6—1-0v.

(Received, December 16th, 1961.)
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PREFACE

The present work was undertaken In order to attempt
to elucidate some aspects of the electrochemical kinetics and
mechanism of the Kolbe reaction and the related model readtion
of formate decarﬁoxylation which lnvolves no coupling stepe.
Desplte numerous applications of the Kolbe reaction in synthetie
organic chemistry, the reaction is outstanding in regard
to the lack, in previous work, of applications'of basic
electrochemical methods of experimental kinetic study and of
critical development of electrochemical kinetic theory in
regard to the probable consecutive steps in the reaction.
Previous work has been mainly characterised by attempts to
explain the variety of products which are normally observed
when the reaction is carried out in aqueous solution where
irrelevant side oxldation reactions are observed and associated
with simultaneous oxygen evolution. Very little previous work
has been described where the behavior of adsorbed intermediates
in the reaction has been considered although this is obvlously
a basic reguirement in the study of such reactlons whers
several possible radical intermediates must be involved in the
consecutive steps.

In the present work, an attempt has been made to
consider only simple model reactions where the electrochemical

kinetics of mainly single overall reactions can be examined.
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Emphasls has been made in quantitatively evaluating the
electrochemical behavior in terms of curreﬁt—potential curves,
d;cq and open=-circuilt transients. These can lead, when used

in appropriate complementary ways, to a quantitative elucidation
of the reaction mechanism and the behavior of adsorbed inter=
medlates including knﬁwledge of thelr lsotherm for adsorption
at the electrode and the associated potential dependent pseudo-
capacitance. These approaches are supported by a detailed
theoretical electrochemical anslysis of the kinetic consequences
of various reaction schemes involving intermediates adsorbed
according to Langmuir or Temkin isotherms. In these respects,
we claim to have carried the study of the Kolbe and the related
formate decarboxylation reaction .much further than has been done
in previous more qualitative approaches to the problem.

A general critical introduction to the problem is
presented first, followed by an examination of theories of film
growth which was unéertaken since the present studies involve
some new aspects of growth of anodic films in non=aqueous media,

A resume of some of the experimental methods of approach which

have been brought to bear on the present problem in a complementary

way 1s then presented followed by the usual account of experimental

procedures and results.

All the work deseribed in the present thesis has been
prepared for publication in seven papers (five papers and two
commmications). All the papers except the last listed below,

which was submitted only recently, have either been published

B it |
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or accepted for publication (see attached reprints, ete,)
The papers resulting from the thesis are as follows:

1) The Phenomenon of Delayed Gas Evolution from Passive
Films in the Kolbe Reaction, Nature, 189, 91l (1961).

2) The Significance of the Critical Potential in the
Kolbe Reaction, Proc. Chem. Soc., 121 (1962).

3) New Approaches to the Study of Electrochemical
Decarboxylation and the Kolbe Reaction. Part I. The Model
Reaction with Formate, Can. J. Chem., Accepted for publication.

lt) New Approaches to the Study of Electrochemical
. Decarboxylation and the Kolbe Reaction. Part II. The Model
Reaction with Trifluoroacetate: Comparison with Aqueous
Solution Behavior, Can. J. Chem., Accepted for publication.

5) New Approaches to the Study of Electrochemical
Décarﬁoxylation and the Kolbe Reaction. Part IITI. Quantitative

Analysis of Decay and Discharge Transients and the Role of

Adsorbed Intermediates. Can. J. Chem., Accepted for publication.

6) Theory and Analysis of Adsorption Pseudo=-Capacitance
Curves from E.M.F. Decay and Polarisation Curves; Applications
to a Decarboxylation Reaction, (with E. Gileadi) Electrochimica
Acta. Accepted for publication 1962,

7) Periodic Phenomena, Surface Coverage and Pseudo-
Capacitanée in Electrochemical Decarboxylation Reactions. Can.

Je Chen., In course of publicatione
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ABSTRACT

A critical review of previous work on the Kolbe
reaction is given where it is shown that very few appiications
of modern electrochemical techniques and no applications of
recent electrochemical kinetic theory have been made previously
to this reaction. No work on the electrochemical kinetics
of formate decarboxylation has been carried out rreviously,

The kinetics of electrochemical decarboxylation of
formate lons in pure anhydrous formic acid have been studied
in detail for the_first time as a model reaction for
examination of the decarboxylation and radical coupling
reactions that occur with higher aliphatic acids. Current-
potential relations (Tafel slopes) have been obtained which
show a sharp transition, not diffusion controlled, which is
characteristic of passivation phenomena. The behavior is
observed at platinum, palladium, gold and palladium=-gold alloy
electrodes, Tafel slopes are derived for "Langmuir" and
"Temkin" conditions of surface coverage. Reversible potentisls
and exchange currents have been evaluated for the reaction.

Galvanostatic charging, cathodic discharge and open
clrcuit decay transients have been obtalned for the
decarboxylation of formate in formic acid which indicate the
formation of films and are interpreted quantitatively in terms

of the adsorption of reaction intermediates on the electrode
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surface. These intermediates are surmised to be HCO0® radicals,
and the transition regions in the Tafel ﬁlots are ldentified
with the formation of this adsorbed layer. Extended anodie
polarisation at platinum and particularly at palladium leads

to the formation of films of an anodic product which are
considerably thicker than a monolayer,}gg;gold the film
thickness does not exceed that of a monolayer. Following
relatively long times (D 100 seg.) of anodic polarisation,

film growth obeys the inverse logarithmie rafe law deduced

by Mott and Cabrera.

During the course of the vork, an Interesting and
evidently unique phenomenon of delayed gas evolution wag
discovered during gtudies of the formate decarboxylation reaction
at palladium electrodes. The electrochemistry of this
phenomenon has been studied in some ‘detail and the delayed gas
evolutlion 1s shown to be associated with attainment of s
critical potential in the self-discharge process on open-
circult e.m.f. decay. The thick films formed at palladium
are believed to be responsible, uvon autocatalytic decomposition,
for the delayed gas evolution phenomenon observed at this
metal,

A new method for deduction of adsorption pseudo~
capacitance and charge associated with the adsorbed layer
from open=-circuit decay transients and Tafel parameters ié

used to obtain the pseddo=-capacitance and charge associated

T
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with the transition region in the current-potential
relationships for the formate decarboxylation. It is shown
that this region corresponds/;flling of the surface with
adsorbed intermediates formed in the reaction.

Possible reaction mechanisms are proposed and are
examined in reiation to the observed experimental results.

The galvanostatic results enable distinctions to be made
between some of the possible reaction mechanisms proposed,

In the aqueous formate systems, current-potential
relationships have been obtained which also exhibit transition
regions§ multilayer formation 1s indicated, including
deposition of 1ajers of different species corresponding to
different potential arrest regions in the galvanostatic
discharge transients. Reversible potentials and exchange
currents have been evaluated for the reaction. Experimental
results in the non=aqueous and agueous formaste systems are
compared; It 1s suggested that the layers formed 1n the aqueous
system may conslst of oxide and discharged carboxylate and
that the transition behavior and critical currents in the
Kolbe reaction correspond to conditions for passivation of the
metal by oxide and discharged carboxylate specles,

Electrochemical kinetic studies on the Kolbe reaction
have been carried out with potassium trifluoroacetate- in

trifluoroacetic acid (100%). High yields of the Kolbe product
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C2F6 and 002 are obtained and currept-potential plots
exhibliting transition behavior and linear Tafel regions

are found, Tafel slopes are deduced for "Langmir" and
"Temkin" surface coverage condltions by surface intermediates
and compared with experimental results. Plausible reaction
mechanisms are.proposed, which are supported by galvanostatic
discharge transients;. the latter indicate that the coverage
by adsorbed intermediates in the trifluoroacetate reaction

approaches a monolayer,
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CHAPTER I ’ ;

INTRODUCTION

A, GENERAL

The study of electrode processes has been the
subject of intensive investigation since the beginning of the
19th century when the electrolysis of water was first
reported (}). Electrochemical kinetic work has been largely
limited to studies of hydrogen and oxygen evolution and in

recent years to metal deposition or electro=-crystallisation,
The broad field of electro-organic chemistry is, from an
electrochemical point of view, less well developed or undere :
stood and for several of the simplest eléctro-organic reactions,
the elementary electrochemical steps have not yet been
satisfactorlily formlated nor the mechanisms clearly elucidated,
The anodic decarboxylation of carboxylic acids {the
Kolbe and related reactions), which is the subject of the
present Investigation, has been extensively studied by organic
chemists interested in the synthetical applications of thie

reactlion, On the basis of these investigations the scope and
limitations of the reaction have been defined, However, in
many cases, percentage yields, experimental conditions etc.,
have not been clearly indicated and in view of the results of
more recent studles, many of the reported reactions must be

reinvestigated under more rigorous electrochemical controi,




e,8. of the potential and current density, Usually both
electrodes were placed in solution and thé products subsequently
analysed; as a result, a diversity of reactions can be envisaged
as occurring not only with respect to the original starting
material, but also between the products at either the anode
or cathode, Thé most important variable in the kinetics of
electrode brocesses, the potential of the working electrode,
has not often been olearly defined or controlled in this Iing
of work,

Electrochemical investigations have resulted in
Several proposals regarding the mechanisms of the reaction,
However, owing tcnfhe lack of reproducible measurements and
varying experimental techniques between different workers,
considerable controversy has arisen amongst the proponents of
the varlous theories,

In the present investigation, systems have been
chosen in which a minimal number of side reactions can occur,
so that modern electrochemical approaches can be applied to
obtain information of least ambigulty on the nature of the
basic electrochemical processes occurring at the metale
solution interface in these decarboxylation réactions. Previous
work, to be described below, has usually been complicated by
the occurrence of many simmltaneous oxidation reactlons which
have obscured the electrochemical significance of the main
decarboxylation and coupling reaction,
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B, XOLBE REACTION

(a) General

The classical work of Kolbe (2) constituted the first
detailed study of the anodie reaction involving carboxylic
aclds and theirianions in which it was shown that electrolysis
of an aqueous solution of an alkali metal carboxylate, led to
the production of carbon dioxide and a hydrocarbon, The over-

all anodic reaction can be written
2 RCO0™ — 2,60, + R-R + 2e

where R 1s an aliphatic alkyl or substitubed elkyl residue, The
above reaction is known as the Kolbe electrosynthesis,

This reaction has subsequently been the subject of
extensive investigation and has not only been found to
constitute a valuable and remarkably simple method for the
synthesis of many organic compounds but also has been employed
as an aid in structure determination (3,)). The reaction may
be carried out in either aqueous or non-agqueoug solvents not
only with straight chain fatty acids, but also with helf-esters
of dicarboxylic acids, unsaturated acids, some aromatic acids,
substituted acids and mixtures of carboxylic acids, The Kolbe
electrosynthesis may hence be defined more generally as an
anodlc reaction involving a carboxylate structure, producing
carbon diloxide together with a hydrocarbon or derivative of a

hydrocarbon, As several excellent reviews and bibliogrephies




are available on the organic chemistry of the reaction [the
reader is referred to references 5,6,7 for detailed information
on the products of electrolysis of individual acids], only =
brief review will be given of the more important features of
the reactlion, but particular emphasis will be placed on the
physical chemiétry involved,

Various detalled studies have been made in order to
establish the optimmm conditions for the formation of ethane
from acetate in aqueous (8) and non-aqueous (9) solvents and
the conclusions which can be drawn from thesebinvestigations
are, in general, applicable to most other examples of the Kolbe
reactlon, In aqueous solutions, the nature of the anode is
of great importance, and in previous work coupling is found
to occur %o an appreciable extent only with smooth platinum
or iridium anodes, The reaction is also favoured by using
a high current demsity (> 1072 amps.cmza), a high carboxylate
concentration (> 1M) in an acidie medium and relatively low
temperatures (< 50°C), In non-aqueous solvents, conditions
for optimm ylelds are less critical than in aqueous media;
thus, the nature of the anode material, temperature and
concentration have relatively little effect on the yield of
coupled products under such conditions, Low current densities
promote the formation of olefins and paraffins (CH, in the
acetate case) possessing only half the number of carbon atoms

required for the coupled product (10)., Another side reaction




frequently encountered is the formation of alcohols, This is
generally referred to as the Hofer-Moest reaction (11) amd

is favoured by an alkaline medium in the presence of such
inorganic salts as perchlorates, bicarbonates and persulphates,
Little is lknown about the formation of alechols in the
electrolysis of. carboxylic acids, Other by-products which nmay
be formed include esters of the starting acid with the
corresponding alcohol and ketones, The extent to which side
reactions occur is governed both by experimental conditions

and by the structure of the acid itself,

(b) Organic Chemical Studies: Scope and Limitations

Experimentally i1t has been observed that there are
three irportant limitations in the cholce of reactants for
eynthetic applications, The three structures which suppress
the Kolbe: reactlon are (a) a-p or =y unsaturation in the
reactant acid (12); (b) aealiryl substituents snd cycloalkyl
structures (13) and (¢) aromatic groups (ArCOOH) (1),
Electrolysis of compounds bossessing these structures usually
results in oxygen evolution as the major reaction with the
Production of mumerous degradation_(axidation) products, The
effect of unsaturation is, however, limited; thus, two or
more methylene groups between the carboxyl group and the point
of unsaturation removes the inhibiting effect (15, 16) and
coupling proceeds normally, The inhibitory effects of




a~substituents and ecycloalkyl residues, when removed to other
positlons in the acid molecule, exert no adverse effects (17),
however, more recent investigations have shown that the Kolbe
reaction with aesubstituted acids is no longer adversely affected
if the solvent 1s changed from an aqueous to a noneaqueous
medium (18, 19), Similarly, with -aromatic scids, if the phenyl
ring is removed further than the B-position, electrolysis
will glve the expected Kolbe dimer (16, 19). -When the phenyl
ring is vicinal to the GOOH group, as in benzolec acid, benzene
is the mein product,

Studies iIn non-aqueous solvents have been undertaken
by mumerous investigators, and the most comprehensive early
work has been that by Glasstone and Hickling (9) using ethylene
glycol as the solvent, The results show that current efficienciles
for the production of the coupled product both in aqueous or
non-aqueous solvents are similar, with values, for example,
for ethane formation in acetete electrolysis only being appreciable
(c&. 70%) at the highest current densities in the absence of
foreign ions,

Electrolysis of several anhydrous fabty acids containing
the corresponding alkalieﬁetal salt as elzctrolybe has been shown
to give results ﬁhich are almost identical with those obtained

in the corresponding aqueous solution (1, 20- 26).

(¢) Electrochemical Aspects

The experimental conditions used in the earlier work




cannot be considered ideal in relation to modern techniques
available for the investigation of slectrode processes.

Measurements of electrode potentials over a range of
current densities have been carried out by several investigators
(8,25,27=29) for the acetate case and for higher homologues
and plots of anode potential versus log current-density have
in all cases shown breaks in the curves, corresponding to a
sudden increase in the anode potential at a particular current
density. Analysis of products over the eurrent density
range has shown that in acidlic solutions (23-29) (for a
series of alkali-metal salts and/or corresponding acids
from acetic to heptanoic), the major product at low current
denslties was oxyéen together with a varlety 6f oxidative'
degradation products. As a critical current density and
associsted potential is approached, the ylelds of carbon
dioxide and the Kolbe product begin to become appreciable,
while the rate of production of oxygen decreases. At, and
above, the critical current density, the major products were
as expected for the Kolbe electrosynthesis together with
negligible amounts, 1f any, of oxygen. In alkalineAsolutions,
Hofer and Moest (11) have shown that methyl alcohol is formed
instead of ethane during the electrolysis of acetates.

The rangc of eritical potentials in aqueous solution
lies in the region 2.1-2.2 volts (with respect to the potential
of the normal hydrogen electrode). In non=aqueous solutions

Glasstone and Hickling (9) have shown that the ecritical




potential for the electrolysis of acebates and/or acetie
acid was similar to that observed (viz, 2.1l v,) for aqueous
solutions (8), and that the current efficiencies for ethane
Production were quantitatively similar in the two types of
systen, .

The potential at which the Kolbe electrosynthesis
cccurs in aqueous solution presents a seeningly anomalous
sltuation, Oxygen evolution in aqueous acid solutions
normally occurs significeantly at a much lower potential
(ca. 1,7 v,, but the reversible potential is at 1,23 v Eys
under standard conditions) than that required for the Kolbe
reaction (2.1—2.22v,), yet in the presence of dischargeable
carboxylates the Kolbe reaction occurs preferentially at
higher potentials with suppression .of oxygen evolution, The
role of oxygen evolution has received rather little attention;
qualitatively all that can at present be said is that when the
Hofer~Moest reaction is occurring (basic solutions) at the

anode, oxygen ls one of the major products*, but when the Kolbe

¥ Fram a chemical kinetlc point of view, this situation is
actually not unexpected, When the electrochemical rate constants
for the competing reactions of carboxylate ion discharge,

oxygen evolution and radical coupling are such that the oxygen
evolution rate and the corresponding rate of production of
oxidisi radicals (e.,g. OH or 0, which are involved in that
reaction) are appreciable, any simultaneously discharged RCO0O™
ions will be subject to oxidation by the intermediates involved
in the oxygen producing reaction, so that the normal coupling
reaction will be inhibited, This,Hofer-Moest productswill be
expected as a direct result of the kinetic situation which allows
under certain conditions, significant competitive rates of

oxygen evolution from OH" or H,0 in aqueous media,
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reaction occurs, little, if any, oxygen is present in the
mixture of reaction products, (The gignificance of these
older observations is examined in more detail in the
"Discussion"), 1In a theory proposed by Glasstore and
Hickling (8), to be discussed in more detail below it is
suggested thatvhydroxyl radicals (arising from the anodic
discharge of OH™ ions which normally leads to oxygen evolution)
combine to form hydrogen peroxide, which then reacts with the
acetate lon to form either peracetic acid or acetate radicals,
eventually yielding the Kolbe product,

The suggestion has also been made (3l,61) that
acetate lons are preferentially adsorbed on the anode surface,
so that water molecules cannot approach the surface to be
discharged, However, it is difficult to envisage this occurring,
especially when at potentials below the eritical potential for
the Kolbe reaction, oxygen evolution is already a major reaction;
it is hence not clear why preferential adsorption should
suddenly arise at a critical current density and associated
potentlal, leading to almost exclusive occurrence of the Kolbe
reaction,

Thiessen (35) has envisaged a situation in which the
anode 1s covered with a hydroxyl free-radical layer, acetate
ions then being adsorbed on the hydroxyl radical layer, Electron
transfer from the carboxyl oxygen is then regarded as occurring

through the hydrogen bond formed by the hydroxyl proton and
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the carboxylate oxygen; electron rearrangement then occurs and
the *R - 002 bond cleaves tovgive the alkyl radical and carbon
dioxide,

This mechanism is evidently not general since MOH
Specles cannot normally arise from non-agueous solutions where
the Kolbe reaction can proceed efficiently with the game
products and, as we show in thgﬁgpesent research, also with
associated critical potentials,

(d) Proposed Mechanisms

Numerous theoriles have been. proposed for the mechanism
of the Kolbe eleqtrosynthesis, and three have received serious
considerdation in recent years, These will now be reviewed

briefly,

1) The Acyl Peroxide Theory

This was originally proposed by Schall (36) and

subsequently developed by Fichter (37,38). Initlally Fichter (33))

in agreement with Schall,postulated that active oxygen liberated
at the anode oxidized the carboxylic acid anion which then
deconmposed through an acyl peroxide intermediate to give the
characteristic Kolbe products, Subsequently, Fichter (37)
proposed that the primary step was the discharge of the

carboxylic acid anion, The resulting discharged ions were then
regarded as forming a diacyl peroxide intermediate, (c¢f, Glasstone
and Hickling (8,9)) which then decomposed with the formation of

the characteristic Kolbe products, The reaction can be
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written:

2 RCOO™ — 2 RCOO* + 2 e

2 vBCOO' — R;g-O-O-g-R

3 0
R-g-O-O-C-R — 2 R* + 2C02

R* + R®* —  ReR.

Side reactions were explained in terms of the
hydrolysis of the intermediate diacyl peroxide and formation
of the peracid, which then was considered to undergo decarbo-
xylation formingﬁthe alcohols

8
R«C=0«0~C=R + H20 — .ECOOH + '3COO-OH

RCO0=OH —» ROH CO,

In alkaline media, the hydrolysis of the Peroxide
was regarded as the principal reaction so that the alecohol

ROH could be the major product (Hofer-Moest reaction (11)).

In acid solutions, it is stated, the alecohols so formed can be

dehydrated to form olefins, (we believe, however, that this ig

chemically unlikely in the dilute acids used) or react with

the free acid to form esters, It must be stated that under

the experimental conditions existing during electrolysis, it
is difficult to conceive how elther of these reactions can

occur to any appreciable extent,
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Fichter (37,39) has regarded the following observations
as proof of the peroxide theory: (a) the similarity of products
obtained by electrolysis and by thermal decomposition of the
corresponding diacyl peroxides, and (t) the formation of glycole
aldehyde during the electrolysis of acetate and of monomethyl
malonate, and.the thermal decomposition of the corresponding
diacyl peroxides in ethylene glycol solutions, The glycol=
aldehyde, it is siated, is Tormed in both cases by oxidation
of ethylene glycol by diacyl peroxides, ‘

Diacyl peroxides* are, however, known to decompose
relatively slowly when present in solution at low concentrations;
kence if dlacyl peroxides ere formed during the electrolysis
reaction in the way envisaged in the work referred to ‘above,
easlly detectable amounts should be Present,

Numerous attempts have been made to detect the veroxide
at the anode, Positive results were obtained only under very
special experimental conditions (low temperatures and streaming
electrolyte) when the diacyl peroxide was detected (Lo, 41) in

very small amounts,

Further, it has been shown (42,l3,4);) that aliphatic

acyloxy radicals, resulting from the decomposition of diacyl

* It is desirable to distinguish between the slow decomposition
of diacyl peroxides in solution and the violent explosions which
occur readlly with the bulk material, The latter effect arises
from the sensitivity of diacyl veroxides to shock and the large
amount of energy liberated per gram in their decomposition,




g —

- 13 -

'peroxides in solution, lose COa rapidly to give alkyl radicals,

Hence it 1s rather unlikely and inconsistent with other known
radical reactions in solution (45) and the gas phase (46) that
two acyloxy radicals would first combine to form the peroxide
intermediate which then decomposed via the same acyloxy radical
again to give alkyl radicals and C0,, A heterogeneous direct
first order decomposition of the acylozy radicals formed from
the discharge of the carboxylate anlons seems rmch more
probable, ‘ ‘

Goldschmidt et al. (47) have made a detailed study
of the products of electrolysis of propionates in anhydrous
propionic acid aﬁd compared them with the products of decomposition
of dipropionyl peroxide, The good parallel between prodﬁcts of
the Kolbe reaction and those of the decomposition of the
corresponding diacyl peroxides, Goldschmidt states, (118)
suggests more that the two processes have cormon paths (i.e,'the
decomposition and eleatrolysis reactions prodéed through a
free-radical intermediate) than that diacyl peroxides are
directly involved as intermediates in the Kolbe reaction, This
view point seems the most satlsfactory one in regard to the
problem of the validity of the "peroxide" mechanism in the

Kolbe reaction,

ii) The Hydrogen Peroxide The ory

This was proposed by Glasstone and Hickling (8,9,30)
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and is based on the assumption that hydrogen peroxide, formed
by the anodic discharge of hydroxyl ions, initiates the
decomposition of the carboxylate ion, The reaction is formlated

in the following manner for acetate decompositions
205 —  20H + 2

]
_“2 OH — H202

followed.by

elther H202 + 20H3000 -~ 2 CHBCOO' + 2 OH

or CH®* + CHBCOO_ — CHBCOO° + OH™

The acyloxy radicals may possibly combine to form
diacyl peroxide = the intermediate according to Fichter's
theory - which can then deconmpose to give the Kolbe products:

CEBCOO' — [CHjCOO]e —_ 2 002 + CZH6

or decompose directly, as below:

2 033000° — 02H6 + 2 002

& reaction which is kinetically probably not a single step,
When either hydrogen peroxide or the acetate
concentration is low at the anode, hydrogen peroxide is considered

Yo react with acetate ions or acetic acid to form peracetic

-acid which then is regarded as decomposing to give carbon

dioxide and methanol, viz,
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H202 + CHBCOOH — CH3COOOH_ + H20
CHBCOOOH — CHBOH + 002.

This reactlorn is regarded ss occurring whenever
conditions are not favourable for the Kolbe reacticn,

. Numerous criticisms have been ralsed against this
mechanism of the role of oxygen in the reaction, the most
serious being that the addition of concentrated hydrogen
peroxide to acetate solutions produces only'trace amounts of
hydrocarbon (8,30); furthermore, attempts to detect even trace
amounts of hydrogen peroxide during and following electrolysis
have not been successful (29), PFailure of the reaction %o
occcur homogeneously has been ascribed by Glasstone and Hickling
to the fact that conditions in chemiral experiments are quite
different from those which exist at the anode where heterogeneous
conditions prevail, More recent investigations have failed to
detect even trace amounts of hydrogen peroxide during and
following electrolysis (39,53) and at most noble metal electrodes
hydrogen peroxide would te catalytically decomposed,

In several publications (51,52) it is denied that
hydrogen peroxide is formed in ancdic oxygen evolution and only
in cathodic oxygen reduction (31) is hydrogen perczide vostulated
as an intermediate, Thus, hydroxyl radicels formed as intermedi-
ates in anodic discharge from OH™ or H20 evidently do not
combine significantly to give desorbable products, excepf 02

itself, although adsorbed metal peroxide intermediates have been
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suggested (32,33) and may exist on the surface.

Tests for peracids have also been negative (29). The
formation of olefins or saturated hydrocarbons containing one
carbon atom less than the original acid also cannot be accounted
for on the basis of the hydrogen peroxide mechanism,

The hydrogen peroxide theory also requires that
hydroxyl ions or water molecules be preseht and hence is only
applicable to aqueous solutions. It has been remarked (5)
that the Kolbe reaction in anhydrous ethylene glycol occurs
at an anode potential* almost ldentical with that for aqueous
media (9) and that this would hardly be expected if the primary
processes in anhydrous and aqueous media differed radically.

The general scheme discussed above, 1s seen to be
similar to that proposed by Fichter (37), except that Glasstone
and Hickling regard the oxidation steps as involving hydrogen
peroxide (i.e. an oxidation-reduction reaction), rather than
the peroxy-intermediate formed by coupling of acetate free
radicals arising from the discharge of the corresponding anlons.

For non=aqueous solvents, the mechanism postulated
by Glasstone and Hickling (9,30) is similar to that proposed
by Fichter (37).

In point of fact, this agreement is probably coincidental since
no comparison between potentials in water and any other solvent
can, in principle, be made and such comparisons have no thermo-
dynamic significance in the present case,

- s BT OTNIA
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Glasstone and Hickling attach great importance to
the fact that the Kolbe resction occurs at potentilals much
higher than that required for oxygen evolution, They assumed
that hydrogen peroxide, formed at the anode by the discharge
of OH™ 1lons gives rise to the formation of radicals. which are
capable of esfablishing a much higher potential than that
réquired for oxygen evolution. The high anode potentials
observed in the Kolbe resction are not surprising as the
oxygen overvoltage itself can be inereased cbnsiderably (at
a given current density) as has been shown by Bockris (49)
in the anodic evolution of oxygen in the presence of acetic
acid at platinum (the Kolbe reaction in this case being "poisoned"
by Hésou). It has also been shown by Russian workers (50) that
the presencs of 805 lons also increases the oxygen overvoltage.
Apparently under conditions existing when the Kolbe reaction
is occurring, the discharge of carboxylate ions is energetically
favored compared with that of hydroxyl ions (or water) in the

oxygen evoelution reaction.

i11) The Discharged Ion or Free Radical Mechanism

This was originally proposed by Crum-Brown and
Walker (Sli) and supported by Walker and co=workers (25,55) .
The important steps in the proposed mechanisms are the direct
electrochemical oxidation of the carboxylate ion:. and subsequent

decomposition of'tﬁe radicals formed. The reaction can be




written as
2 RCO0T — 2 RCOO® + 2 o
2 RCOO* — 2R* 4+ 2 €0,
R®* + R* -— RR.

Although each of the above proposed mechanisms 1s
postulated as occurring through several steps, no mention ig
made by the aﬁthors concerning which step may be rate-determining
nor what current-potential behavior would be associated with each
atep.

In more recent years, some insight into the mechanism
of the anodlc oxidation of carboxylic acids has been achieved
in investigations by Clusius and co-workers (56,57,58) and in
the kinetiec studies of Wilson and Lippincott (53) which tend
to favour the free radical mechanism (see below}..

The mschanisms of some of the side reactions were
elucidated by conducting electrolysié of acetates and deutero-
acetates in deuﬁerium oxlde and water respectively (56,57).
Electrolysis of the acetates was found to give ethane above a
critical current density or potential and methans at low
current densitles, the composition of both products depending
only on the isotopic structure of the acetate ion and not on
that of the solvent. This is consistent with the view that
methyl radicals are formed and that these either dimerise to
- glve ethane or, when rresent in low concentrations, abstract

hydrogen from an acetate ion (or another methyl radical)™ to
- .

This could also lead to the production of olefins which is
often observed. Similar radical processes occurring in the gas
phase have been discussed by Steacie (46) and in solution by
several other authors (42,45,47,.48),




‘glve methane thus
CH.CO0" -+ CH.CO0® + e

3 3

H.000° . . |
CH,000° — CHy* + CO,

Above the eritical potentlal the recombination

| 2 CH3 —_ 02H6
is regarded as occurring and below the critiéal potential,

H abstraction according to the reaction

CH3 + CH3COO /D20 o CH& + 052002

The molecular résidue 1s then decomposed by oxygen
(co=deposited at low current densities) to glve carbon
dioxide and water. Bauld (59) has shown recently that further
oxldation of thé electrolytically produced radicals can yield
carbonium ions which then attack the solvent. It seems
reasonable that ethers, esters and alcohols which srise as
by=-products in the Kolbe reaction can arise in this manner.
Experimentally, this kind of process is fgvored by alkaline
solutions and the presence of varicus inérganic lons (45).

The productlon of olefins on electrolysis of
propionates and butyratés was shown (58) to arise from the
intermediate alkyl free radicals by elimination of hydrogen
from the carbon atom originally B to the carbonyl groupe. The
formation of ethanol in the electrolysils of a,a-dideutero~

 propionates in acidlc solution was shown (60) to occur by

f=oxidation of the alkyl function in the carboxylic acids.
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Additional evidence favouring the free radical
mechanism has been obtained by Wi}son and Lippincott (53)
from a kinetic study of the formation of free radicals, using
a2 variable frequency square waﬁe current (cf. the rotating
sector technique in photolysis reactions). The authors argue
that if the reaction follows first order kinetics, the

current efficiency (or yield) should be 1ndependent of frequency*

(since the.yield will not depend on the number of radicals
produced pér cycle, but on the total number produced per unit
time), However, if the reaction is second order, the yield
will be frequencyndependent, being higher at low frequencies
than at high fréquencies. On this basis kinetic expressions
are derived assuming that the radicals formed at the electrode
can react to form products by a series of consecutlve reactions,
only one of which is slow and that this slow step is either
first or second order.

The formation of ethane in the electrolysis of
acetates in both aqueous and glacial acetic acid was shoun to
be frequency Independent, or to follow first order kineticse.
This suggests strongly that the mechanism i1s the same in both
solvents and is strong evidencs against the hydrogen peroxide

A slight dependence of Yield on frequency will be obaserved

-due to the time required to charge the double-layer during
-each cyclee
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theory postulated by Glasstone and Hickling (8,30). Also the
addition of concentrated hydrogen peroxide during electrolysis,
in fact, results in a sharp decrease in the ethane yield, so

that hydrogen peroxide is hence not a likely intermediate in

this reaction. With the same kinetlc treatment, the acyl
preroxlde theory requires that the reaction be second order in

the concentration of radicals produced at the electrode, On

the basis of this theory, the data of Wilson and Lippincott

would indicate that the slow step is the first order decomposiltion
of acetoxy radicals,

Dlefip formation in the electrolysis of propionates
was observed to follow second qrdér kinetics in the radicals
produced at the electrode. Wilson and Lippincott on the
basls of their kinetic studies, coupled with the experimental
results of Clusius et al. (56,57), (who showed that in the
electrolysis of §,8,B~trideuteropropionic and a,a~dideutero=
propionic acid, the same ethylenic compound, 1,l-dideutero=-

ethylene was formed in both cases) have suggested a reaction

Involving two propionoxy radicals, one extracting a B~hydrogen

atom from the other, The biradical thus formed is regarded as
decomposing to yield ethylene and carbon dioxide. The reaction

of two propionoxy radicals, in the light of the above results

argues against the formation of an acyl peroxide intermediate,

as the peroxide would not be expected to yield the same'
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ethylenic compound, nor to yield ethylene exclusively at
an electrode surface. |

Additional evidence in support of an (adsorbed)
acetoxy intermediate (in the acetato case) 1s that when anisole
is added to an aqueous solution undergoling electrolysis aceto=
xyanisole 1s isolated in good yield (62).

Pande and Shukla, (39) in a recent paper suppbrting
the dilscharged lon theory, have proposed mechanisms for the
formation of the various anode products; however, the authors
have overlooked the excellent work of Clusiu§ (56,57) on the
mechanism of the side-reactions, as well as the kinetic studies
of Wilson end Lippincott (53). As a result, several of the
proposed mechanisms appear to be incorrect. (This will be
discussed more fully in the "Discussion"). Although Pande
and Shukla have also shown potential vs. current plots, they
falled to discuss the proposed mechanisms logically in terms
of Tafel equationsj instead, the proposed mechanisms were _
based solely on the observed roaction products. Somewhat
similar comments may be made about the recent work of Dickenson
and Wynne-Jones (122). Purther discussion of their approach
will, however, be made in Chapter IV,

There is little doubt that free alkyl radicals are
produced in the Kolbe reaction; thus Fleser, Clapp and Daudt (63)
have shown that trinitrotoluene can be methylated in the anode
compartment of an aqueous solution of acetate. That both
acétoxy and methyl free radicals are produced has been
demonstrated by electrolysis of acetate solutions in the

presence of both butadiene and isoprene. Examination of products

s
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indicated the additién of both methyl and acetoxy free

radicals to the acceptor molecule (6l). When electrolysis

was carrled out in the presence of vinyl acetate, methyl
methacrylate or vinyl chloride, the respective polymers were
pbtained_in thg anode compariment, Use of potassium acetate=2,
Clh iﬁ the pfésence of elther vinyl acetate or methyl methacrylate
produced Clhiradioactive rolymers., These fesults indicate that
acetoxy or methyl free radicals produced during electrolysis

serve as polymerization initiators (65).

Oxygen normally exerts a considerable Inhibltory effect
on the free radical polymerization of vinyl acetate (65), yet
polymerization 1ﬁitiated by free radicals produced by electrolysis
yields a polymer similar to that produced by other means. Thus,
while the intervention of oxygen as an électrolytic by=product
cannot.be.ruled out completely, it sesms to play no significant
role in determining the course of "electrochemically initiated"
polymerization,

Most features of the Kolbe reaction can be most

satisfactorlily explained qualitatively by the free radical mechanism

and are consistent with other known radical processes. Thus, in
a solution-containing carboxylate ions, acyloxy radicals can be
formed und subsequently decompose to give alkyl radicals which
may then either dimerise to give the coupled product, or react

with another scyloxy radical to form esters; alternatively the
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alkyl radical may eilther feact with the solvent as in aqueous
basic solutions to yield alcohols, or be further oxidized to
carbonium lons which then attack the solvent. The formation
of some noh-dimeric hydrqcarbons,particularly at low current
densities, could'arise‘from elther disproportionation or
hydrogen abstfaction from the solvent, as dlscussed previously,

A summary of proposed mechanisms and their kinetic

consequences is given on ppe. 25=27 below.

C. ANODIC PROCESSES

(a) General

With the study of anodic processes are associated
chara&teristic,ekperimental difficulties which are absent in
most cathodic processes. Thus, under anodic conditions, most
metals either undergo "anodic dissolution" at low current
densities or are themselves subject to "anodic oxidation®,
When a metal dlssolves anodically a number of difficulties
arise, the more important being:

(1) The total real area may change somewhat with
time; hence the measured apparent current density may diffepr
significantly from the true value at the electrode surface.

(11) The measured electrode potential can be g
"mixed potential” due to anodic dissolution of the metal and
anodic oxidation of a component of the elsctrolyte; satisfactory
separation of this mixed elesctrode process into components for

each electrode process can only be achieved by coulombiec
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current efficlency studies. Unéer most conditlons one or
the other of these processes tends to predominate. However,
the investigation of many anodic processes at low current

| densities has been limited to the noble metals on account

é of difficulties involved wlth side reactions involving metal

! dissolution.

When anodic oxidation of the electrode occurs
without dissolution, the film formed on the metal presents a
new surface to the solution, and the subséquent behavior: of
the gnode will then depend largely on the electrical snd
chemlcal properties of this film. If this f1lm behaves as a
good electronic conductor, and the anodiec oxldation of
electrolyte at the film-electrolyte occurs at a higher potential,
acéounting for practically all the charge passing, 1little
further change of the metal occurs snd the metal is anodically
passivated. If, however, the film is s poor electronic
conductor, or no dlscharge process can occur at the film=
electrolyte interface, passage of charge across the film can
only occur by ionic transport through the film with the result
that more metal continues to be oxidised to the surface
compound and continuous anodic oxidation or film growth
occurse.
Although combinations of the above phenomena can

occur, one of the above processes is usually predominant and
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can be experimentally distingulshedefrom ont owolien:
8ince an important new conclusion from the rresent
work 1s that both the anodie passivation and anodiec f£ilm
growth processes mentioned above are involved in the Kolbe
reaction ahd formic acid ddcarboxylation, a brief survey of
the principael factors involved in these two phenomena will
be given as a basis for the discussion of .the results to be

presented subsequently.

(b) Anodie Passivation

Passivity of a metal may be said to have occurred
when metal cations cease significantly to emerge from the
metal lattice il.e. further dissolution of the metal is
inhibited in spite of the potential being substantially anodic
to the relevant metal metal-ilon reversible potential,

Passivity produced either "chemically" or by anodie
polarisation is considered in one school of thought (66) to
be due to the formation of an oxide film of appreciable
thickness; others, however, prefer to associate the primary
proéess of passivation with the formation of an adsorbed
monolayer of molecules, atoms or ions of', or containing,
oxygen (67). The adherents of the oxide film theory cite
as evidence that a metal, once passive, is covered with an
oxide film. Tﬁe classical experiments of Evans (68) provide
the best experimental evidence for the solid film theory,.

- H
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in which very thin oxide films stripped from anodiecally
passivated iron may be visibly demonstrated. While neither
view can be proven unequivoeally, as various kinetic results
can readily be interpreted in terms of either theory, more
recent views may resolve the situation,

More recently, seversl investigators (67,69) have
expressed the view that the film and adsorption theories do
not contradict each other but are, in fact, complementary.,
Evans (69) has suggested that whether or not passivity will
occur may well be determined at the stage of an adsorbed film,
but that, once: passivity has set in, there is always an
actual oxide film, a view also. held by Kolotyrkin (69).

Theories of rassivity are still controversial owing
to the fact that much remeins to be discovered about the
chemical and physical structure of the surface films which
are present under different conditions, and also to uncertainty
concerning the energetic factors which determine the processes
of metal dissolution into the solution or into a surface film,

The onset of anodic passivation is readily indicated
by electrical measurements in which a rapid rise of anode
potential at constant current density, or a sudden fall in
current density at an anode malntained at constant potential,
oécurs when passivation sets in. Passivation is not limited to

metal oxidation processes but is also observed in hydrogen

lonisation at platinum (67). The general anode potential-current

T T et e o ity PSR
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density relationships for rassivation are showm schematically
in Figure<la and Iv.

If the cwrent density i is held constant at a !
series of increasing values of % along AB (Figure Ia), a
sudden poténtial rise BC oécurs at the onset of passivation.
Thereafter, as the current is Inereased along CD, the potential
rises further, CD being the current-potential relationship for
the anndic oxidation of a component’ of th§ electrolyte. When
the current is lowered, this reaction can proceed along DCE,
until a sudden fall in potentigl EF indicates a return to an
"active" condition of the metal surface, and the renewal of
anodic dissolution in some cases. The hysteresis effect CEF
before activation is usually attributed to the thin passivating
film remalning stable at current densities lower than those E
roquired to form it. IFf the anode potential is adjusted and |

held constant by means of a potentiostat, the potentialecurrent

relationship takes the course (Fig. Ib) A'B'E'C'Dg, A'B' ;
indicating the active condition of the electrode. Passive
electrodes can sustain an anodic process not involving
production of metal cations at the film=solution interface

for long periods without undergoing any visible change. In
general, a steady passive film thickness is reached depending
on the potentlal and specific electrical properties of the £ilm,
The potential (EF in Figure Ic) at which full passivity starts

or disappears (in the case of iron) is usually known as the




Flgure I

Potential=current density relations
(a) Current-density constant:
potential measured.
(b) Electrode potential constant,
. eurrent measured.
(¢) Potentialetime relationship

current denslty constant.
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Flade potential (70); the Flade potential does not correspond
to the equilibrium potential of any known oxide but is
probably a potential associated with the species constituting
the film.

ﬁnder galvanostatic conditions at current densitles
around B, the time lapse tp required before passivation occurs,
decreases with Increase of current~density. The general
ancde potentlal-time relationship is shoﬁn in Figure Ic.
Under constant current conditions it is often Tfound that
passivity is reached after a transition time t © which

P
depends on current density i according to

tp (1 - iZL } = constant.

where %, is the limiting current density and depends upon
experimental conditions (98).

The arrest of potential which occurs during passivation
at constant current density, or the sharp decrease of current
density 1n corresponding potentiostatic investigations, is
usually attributed to the formation of insoluble compounds or
protective films on the metal surface. These arrest potentials
sometimes agree within a few millivolts wlth those calculated
from thermodynamic equilibrium data for anticlpated compounds
(1.0e oxides); that may be reasonably expected to be formed

* Thls transition time is not to be confused with that for

diffuslion controlled processes in solution.

b e Amﬁm
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at the metal, However, it is generally dangerous to regard
the surface films as having properties comparable with -lInown
bulk phases, since often the films may be only several
monolayers thick,

| In the transition from an active to a passive state
periodic fluctuations in potential are often observed (71-75)
(and were also found in the present work), According to
various theories broposed, there can be two possible states
of the film and the system oscillates between them (73,7&,75)
wlth corresponding potential fluctuations; or the periodic
fluctuations can be ascribed to alternate operation of
activation and diffusion controlled processes (71,72).

Periodic phenomena have been investigated rather

little and as a result the cause of this behaviour is still
111 understood, It is evident that one of the requirements
is a current potential curve showing a2 maxirmm in current at
& critical potential, i.e, the same magnitude of current can
flow at two widely different potentials, The eritical
conditions required for periodic phenomena to arise have been
discussed by Franck in terms of unstable steady states and

irreversible thermodynamics (75),

{c) Film Growth

The:;%udy of electrochemical oxidation on the
surface of film-covered electrodes has received rather little

attention, although oxygen evolution studies (76) have usually
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been conducted under such conditions, since metal oxide
formation usually precedes oxygen evolution (77). Generally
studies are conducted on initially bare metals, hence care is
talkien to remove any films that may be present; alternatively,
as mentioned previously, reactions are normally investigated
