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PREFACE

The first alkaline storage battery based on the use
of the higher oxides of nickel as the cathode material and
cadmium as the anode material was made by W. Jungner in
Sweden during the last decade of the 19th Century (U.S.
Patent in 1899). About the same time Thomas A, Edison also
invented, independently, the nickel-iron alkaline battery
(1900), This invention initiated work on this electrode
material and resulited in the subsequent rublication of severél
hundred papers of fundamental and technological importance,
In spite of the body of previously published work there are,
however, & number of important matters which are still
unsettled, It is known tnat hydrated Ni(OH)2 is the
electrochemically active material; in the "charged" state,
this material is oxidised to higher oxides of nickel,
Controversy exists, however, concerning the mechanism of
oxldation end the state of oxidation of nickel in the charged
material, Thus, it is not at all clear whether in the
"charged" state the higher oxides exist in solid solution or
in distinct mixed phases. '

Although extensive work has been carried out on the
mechanism of oxygen evolution on oxide surfaces using bulk
or thick film nickel oxide as the electrode, little agreement
has hitherto been reached with regard to the processes

involved. Thin film nickel oxide electrode surfaces havé
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been used in only & few of these experiments,

The aims of the present work (see Chapter I, section 6)
have therefore been to investigate some of the aspects of
the behaviour of thin film nickel oxide electrodes and to
compare the properties of this electrode with those of the
silver oxide electrode.

In Chapter I, a number of matters involved in the
present work have been reviewed in ofder to provide the
necessary background to the problem and with respect to
the discussion of the results obtained, This review
material will also serve to place the originél work in this
thesis in perspective and demonstrate its connection with
the earlier work carried out in this laboratory, In
Chapter II, are presented the experimental techniques, and
in Chapter III, the results, A detajiled discussion of the
present original results with regard to (a) the mechanism
and kinetics of oxygen evolution on nickel oxides, (b) the
assoclated self-passivation behaviour, (c) the stolchiometry
of anodically formed nickel oxide in thin films and (d)
hysteresis effects is given in Chapter 1V,

The work presented in this thesis is in course of
publication as indicated below:

(1) Charge, Discharge and Self-discharge Characteristics

of Thin Film Nickel Oxide Electrodes - Proceedings




of the meeting of the Advisory Group of Aerospacse
Research Development, N.A.T.0., Liége, Belgium,
June, 1967, (published June, 1968),

(2) Electrochemistry of The Nickel Oxide Electrode:
Part V: Self-passivation Effects in Oxygen
Evolution Kinetics - Electrochim, Acta,
(accepted for publication).

(3) Electrochemistry of The Nickel Oxide Electrode:
Part VI: Surface Oxidation of Nickel Anodes in
Alkaline Solution'- Electrochim, Agta, (accepted
for publication).

(&) Electrochemistry of The Nickel Oxide Electrode:
Part VII: Potentiostatic Step Method for Study
of Adsorbed Intermediates - Electrochim, Acta,
(accepted for publication).

(5) Electrochemiétry of The Nickel Oxide Electrode:
Part VIII: ‘Stoichiometry of Thin Film Oxide
Layers - J, Electroqnal. Chem. (accepted for
publication).

For convenience, chemical angd mathematical equations

in each section have been given numbers independent of those

in other sections, However, figure numbers and table

numbers are given in a serial order,
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ABSTRACT

The initial stages of electrochemical oxidation of
nickel surfaces have been investigated with respect to
(a) anodic formation and reduction characteristics of the
thin‘oxide films; (b) chemical characterization of the
films, e.g. determination of the active oxygen to nickel
content and stoichiometry; (c) relation of the chemical
and electrochemical properties of the oxide films to the
kinetics of anodic oxygen evolution on the oxides;

(d) investigation of the origin and significance of irreversibility
in the processes of formation and reduction of the oxide

films (hysteresis effects). Complementary cbmparative work

has also been carried out on silver oxide electrodes where

surface oxide films in at least two easily distinguishable

valence states are involved, and at low temperatures the

formation of a third oxide Agzo3 is indicated.

Since electrochemical behaviour of an electrode depends
significantly on the pre-history of the electrode and the
nature of the surface oxide, much attention has been given
to the preparation of electrodés in comparable states.,

This matter was found to be of particular importance in the
studies on oxygen evolution kinetics at the oxidized nickel
surfaces, The kinetic observations provided evidence in
support of the ion-radical type of recombination step as

rate-deternining in oxygen evolution kinetics, This is in
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agreement with the conclusions derived from studies on the
behaviour of bulk oxide material studied previously in this
laboratory,

The potentiostatic studies onAthe oxygen evolution
reaction at nickel, oxidised nickel surfaces and at silver
revealed inhibition effects (self-passivation) analogous
to those found in anodic organic oxidations at the noble
metals, Here, however, the inhibiting species, surface
oxides, are directly involved in the overall reaction
itself, A kinetic theory of the "self-passivation" effects
1s presented in general terms for various supbosed oxidation
states of the surface region of the electrode interphace.

In order to relate the nature of the surface oxides on
nickel metal surfaces to the kinetics of oXxygen evolution,
various transient methods viz. potentiostatic step charging,
potentiodynamic linear sweep and galvanostatic discharge
methods have been applied. It is shown that higher nickel
oxldes are reduced in cathodic'galvanostatic pulses only
to Ni(OH)2 and hydrogen commences to evolve on this latter
oxide. A potentiostatic step (anodic) charging method
was therefore developed for characterisation of the
formation of the surface oxide at nickel in a progressive
menner over small intervals of potential, A theoretical

treatment for interpretation of results obtained by the step-
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charging method has been developed.,

The kinetics of growth of nickel oxides were investigated |

and it has been observed that the growth kineties obey a
simple logarithmic law, A theoretical formulation of =
growth law logarithmic in time has been developed,

For the purpose of determining the stoichiometries of
the surface oxides formed in the thin film at the metal
surface, combined chemical and electrochemical methods were
used, For determining micro-quantities of nickel in the thin
film oxide layers, a new spéctrophctometric method based on
the principle of reductive stripping by eq. h&drazine has
been developed. Stoichiometries of thin film layers (after
allowance for self-discharge effects) are reported as a
function of the formation potential.

The apparent extent of oxide reduction charge in the
thin films, determined electrochemically by a fast galvano=
static reduction pulse, and the samount of nickel in the film
determined chemically, pass th?ough a meximum at ca. 0.9 V.

This is shown to be connected with a change of the oxide

layer to a more passive condition. This behaviour is closely

connected with the self-passivation effect observed in the

kinetics of the anodic oxygen evolution reaction at nickel

oxide surfaces.

i

i
;
i
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Hysteresis between the.charge and discharge processes
has been observed both at nickel and silver (similar effects
also occur at more noble metals such as platinum, palladium,
etc.). This phenomenon hzs been studied in some detail using
potentiodynamic sweep and galvanostatic discharge techniques.
It is proposed that hysteresis is an intrinsic trermodynamic
effect and is possibly related to the change of state of the
system arising from anirreversible rearrangement of the

surface oxide during or after its formation.




CHAPTER I
INTRODUCTION

1. GENERAL REMARKS

The study of the nickel oxide electrode in alkaline
soiutions is of interest in regard to the fact that it is g
convenient model material for consideration of some general
characteristics of electrode processes occurring on oxide
electrodes, Thus, it is believed that for anodic oxygen
evolution on oxide electrodes, oxygen is generated on
surface oxides (1) in which the metél way exist in various
oxidation states depending on the znode potential (V).

Some of these oxides, e.g. those of nickel, silver, etc.

are semiconductors and hence the behaviour of such semi-
conducting materials when used as an electrode under the
influence of an electric field will be of general importarce
in anodization phenomena.

Electrochemical investigations on the behaviour of
the nickel oxide electrode are perhaps more generally of
Interest because bulk nickel oxide i1s used as the electro-
chemically active cathode material in nickel-cadmium and
nickel-iron batteries which have gained wide applications
in electrochemical technology.

A battery is an electrochemical energy converter
where the chemical (free) energy of the reaction occurring

in the system is converted directly into electricszl energy
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without going through intermediste steps of thermel and
mechanical conversion; the well-known Carnot limitation
1s thus avoided, In electrochemical reactions (2), the
theoretical efficiency of the energy conversion can be
100 per cent but kinetic limitations in one or more of the
steps of the overall reaction (2) usually make the process
less than ldeally reversible for appreciable rates of
energy conversion, so that the efficlency is less than the
ldeal figure. '

From the point of view of the present work, the
mechanism of charging, discharging ana overcharging of
theée oxide electrodes is of greatest interest and presenﬁs
features of fundamental theoretical importance with regard
to solid state reactions and the nature of passivity,

Since the previous presentation of review material
on nickel oxide electrodes (given in another thesis (1961)
from this Department (3)) much new work has been done on
the chemistry and electrochemistry of nickel oxides,
Accordingly it will be necessary to examine this background
material in some detail in order to put the original work
in this thesis in perspective and to show its connection

wlth the earlier work carried out in this laboratory,
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2, THE NICKEL OXIDE ELECTRODE

(2) Nature of the Nickel Oxide Electrode

Although the nickel oride electrode has been
employed as the cathode material in nickel-cadmium ang
nickel-iron alkaline batteries since their invention by
Jungner (1899) and Edison (1900), muen remains uncertain
about both the chemistry and the electrochemistry of the
System. A number of different types of nickel oxide
electrode have been vused both in fundamental studies and
in technological applications, This may perhaps account
partly for the observed varlations in the perfbrmance of

various types of electrode because the behaviour of the

electrode depends on its pre-history and physical construction;

these factors then determine the current distribution and
uniformity of electrolyte concentration within the electrode,
In previous fundamental studies in this laboratory,
(3-7) porous sintered pure nickel Plaques were employed
(similar to those utilized in the nickel-cadmium battery)
and were impregnated under vacuﬁm with a saturateq solution
of cobalt-free nickel nitrate, Nickel hydroxide, Ni(OH)z,
was then precipitated in the sinter by immersion in 25%
équeous potassium hydroxide at 70°C for 10 minutes, The
electrodes were then treated cathodically as described

previously by Fleischer (8) for 30 minutes,
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Other workers (e.g., 9-17, 19-21) used similariy
brepared bulk nickel hydroxide electrodes for various types
of physical ang electrochemical studies in alkaline medium,

Thick films of nickel hydroxide can be prepared
(1) by chemical attack of alkaline hypochlorite on nickel
wire, foil or on electrochemically deposited nickel on
Platinum wire or (11) by electrochemical bPrecipitation of
nickelous hydroxide by cathodic electrolysis st the surface
of nickel or another inert basis metal (e.g. pPlatinum)
(22,23 ¢f, also ref. 18).  Both the evolution of hydrogen
(22,23) and the reduction of nitrate (24) have been used
in ‘this brocess; the former procedure usually involves
periodic cathodic and anodic treatments and thisg usually
results in films that are formed in at least a partly oxidized
condition,

Thin nickel oxide films have been made by anodization
of different crystal planes of single crystal and poly-
crystalline nickel in potassium hydroxide solutions (25,26),
and controlled potentiel methods have been employed in
their study, Recently, Kronenberg (27) investigated the
behaviour of thin film oxide material deposited on a nickel
wire by controlled anodization in alkaline solution (9M KoH) .

The electrodes used in alkaline storage batteries

consist of finely divided, hydrated nickel oxide in intimate
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contact with a conductiﬁg nmatrix (usually nickel metal
or graphite) shaped in various ways. Since an extensive
Treview on "The Nickel-Cadmium Cell" has recently been
published (28) and in which is described the bPreparation of
various types of the nickel oxide el ectrodes used for
fundamental studies and technological burposes, further
details on these préparative aspects will not be given here.
For whatever way the electrode is brepared, it
1s. believed that in the reduced {discharged) state the
active material is hydrated hickelous hydroxide* in very
finely divided form; and in the oxidized (charged)
state this becomes a higher valent hydrated oxide in which
nickel has a mean formal valence of approximately three.
Controversy concerning the stoichiometry of the electrolytic
oxidation-reduction regction was initlated in 1906 between
Zedner (9-11) and Foerster (12-14) and despite numerous
papers slnce that time, there is still by no means complete

agreement on this subject.

However, recent determinations of the stoichiometries

of the oxides (4,29-32), X-ray diffraction studies (15,33-35)
and infrared absorption observations (20) on the oxides in

the charged and discharged states of the electrode have helped

¥ Further discussion on the stoichlometry and nature of this
material is given in a later section (2(a)) of this Chapter.
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to elucidate some aspects of the mechanism of charging and
discharging of the nickel oxide electrode,

(b) oOxidation States and Oxides of Nickel

Since the electrochemical behaviour of the nickel
oxlide electrode is closely connectegd with the chemistry of
the oxides invoiveg in the charged ang discharged states
of the electrode, it will be desirable first to review the
inorganic chemistry of the materials Involved,

(1)  Oxidation States: Nickel is g moderately

electropositive metal ang dissolves readily in dilute
mineral acids, In concentrateg nitric acid, ang also in
suiphuric acid under anodic conditions, it passivates,

The electronic configuration for Ni {[Ar]3d8432}
marks the end of the first "Transition series", but the
d electrons are in energy states comparable with those of
the Succeeding 4s shell and even in the case of monatomic
gas atoms, the 3d9l+s1 étate has roughly the same energy as
the 3d10 state; that is, one of the g electrons may without
difficulty be raised to the next higher g level, Because
of this situation, a number of electrons may be removed by
chemical oxidation. Hence nickel can exhibit various
oxidation states. A table (36) of oxidation states of
nickel with their respective co~ordination numbers, the

geometrical shapes of known compounds exhibiting these
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oxidation states and the physical properties of these
compounds is given in Table I,

O0f the possible oxidation states of nickel,
Ni(II) is the most stable and characterises much of the
common chemistry of the element. Ni{-1l), Ni(I) and Ni(0)
compounds are very rare. Ni(III) and Ni(IV) states occur
in certain oxide systems and in a few complexes, The
constitution of the higher oxldes cf nickel has been the
subject of much controversy. Towards the beginning of
the céntury, the existence of Ni(III) was very much doubted;
for example, N1203 was considered to be eithér a nixture of
N1(II)O and Ni(IV)O, with water of hydration or a solid
solution of these oxides (cf. ref. 12).

Recent studies have however removed doubis
concerning the existence of Ni{(III) and Ni{IV) oxidation
states. Several complexes (Table I) of Ni(III) and Ni(IV)
have already been identified and the oxidation states of
the metal in them have been cbaracterized by studying the
magnetic properties éf fhe complexes, Ni(III)-complexes
(Table I) have been found to be paramagnetic; this shows
the presence of one unpaired electron (magnetic moment
~ 1,9 B,M.) in all of them.

(11) Oxides: The divalent oxide and hydroxide

of nickel are, of course, well known and well characterizéd.
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The Ni(II)-oxide is prepared, in general, by thermal
decomposition of the hydroxide, carbonate, oxalate or
nitrate of nickel (II). The oxide may be prepared in
stoichiometric form (in vacuo) by heating Ni(OH)2 above
200°C in high vacuum (37), but pyrolysis of nickel nitrate
yields the anhydrous oxide having oxygen in excess of the
stoichiometric amount (38). Nickel (II) oxide is bright
yellow in colour but turns brown when heated, When the
oxygen 1is in slight excess, the colour is dark olive green
becoming darker as the oxyéen content increases (39).
Nickel (II) oxide prepared at high temperatufes is almost
insoluble in acids and alkalies; however, the lover is
the temperature of preparation, the more soluble it is,
especlally in hot nitric acid and ammonia (39)., Nickel
(II)-oxide has the rock salt structure.

Nickel (II)-hydroxide is precipitated from
aqueous solutions of Nickel (II)-salts on addition of
alkall metal hydroxides as a yoluminous green gel which
becomes (micro-) crystalline on prolonged standing (36).
It is readily solublebin aclids forming salts and also in
aqueous ammonia owling to the formation of ammine complexes,
In 1ts freshly prepared form, nickel hydroxide usually
contains some loosely bonded water in excess of that

corresponding to Ni(OH)z, but these water molecules are
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readily lost by oven drying above 100°C (40,41), Pure
Nickel (II)-hydroxide crystallizes with the hexagonal layer
structure (42), an observation which is confirmed by infrared
analysis (20). The infrared studies also show the abéence
of hydrogen bonding between hydroxyl groups in the cerystalline
state of the hydroxide (further discussion or this point

will be deferred until a later section). Although reactions
of the nickel oxide electrode are frequently written formally
as though anhydrous nickel oxide NiO were invoived, this
material is not, however, electrochemically active (29,35)%,
The hydroxide, on the other hand, cen be oxidized electro-
lytically and, in fact, it is this compound which is used

as the active material in the uncharged positive plates

of the nickel-cadmium and the nickel-iron batteries.

Oxides in which nickel has a valency of three
or more may be prepared by & variety of methods. Higher
oxides cannot, however, be prepared by thermal oxidation
of Ni(II)-compounds. When a suspension of Ni(OH)2 in
KOH solution is treated with é fairly mild oxidizing agent

* This is probably (35) because NiO, which has a face-
centred cubic lattice of Ni2+ and 02 lons, and is not
hydratted,3 could only form the higher oxide by addition of
OH™ or 04~ ions and extension or rearrangement of the
lattice, Oxidation is therefore confined to the oxide/
electrolyte interface and extension of the oxidation into
the bulk phase is limited by the slowness of the solid
diffusion process at room temperature. Oxidation of.
Ni(OH), takes place by electron and proton transfer
processes through the solid phase (see below).
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such as Br2 at a temperature <:25°C, a black solid is
obtained (39,40) which can be dried in vacuum or over
concentrated H2804 to a composition of approximately
N1203.2H20. Any attempt to dry it further by heating
causes decomposition with loss of oxygen to give NiO.
When an alkeline suspension of Ni(OH)2 is treated with
strong oxidising agents, for example Clz, dark precipitates
containing up to 1.9 g. atoms of oxygen per g.atom of
nickel are obtained (cf. refs. 30,43). These solids do
not appear to contain peroxide and are thus thought to be
impure, possibly, hydrated N102, or solid solutions of Ni(III)
énd Ni(IV) oxides. There is practlically no direct evidence
(cf. refs. 30,31) for the existenée of pure Ni(IV)O2 (42)
nor is its constitution definitely known (35,44), These
materials are unstable and are very strong oxidizing agents.
Other methods of preparation of higher valent nickel oxides
are peroxydisulphate (K28208) oxidation of KzNi(CN)u in
alkaline medium (44,45), fusion of nickel with sodium
peroxide (Nazoz) in the presence of excess sodium hydroxide
(30,44) followed by careful hydrolysis, and electrolytic
oxidation (44) of N1i30, in a solution pretreated with sodium
acetate (CHBCOONa) at room temperature. _
A considerable amount of work (e.g., 4,9-15,

20-22,24,29-35,43~51) has been carried out with the purpose
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of elucidating the structures and/or compositions of the

various hydrated oxides of nickel using analytical, calorimetric,
X~ray diffraction, electron diffraction, infra-red

spectroscopy, magnetic measurements and differentisal thermal
analysis, As a result of this work, a variety of higher

oxides of nickel have been reported some of which are listed

in Table II.

The formulae given for these various oxides
should not be taken very seriously since chemical analyses
hardly support such ideal 'stoichiometries. It is usually
found that either an excess or a deficiency.of oxygen is
" present together with an excess of water, so it has become
usual to explain the deviations from idesl stoichiometry
by assuming that the end products are mixtures of varjous
oxides, The results of X-ray diffraction experiments are
also somewhat inconclusive since only a few diffuse lines
appear, This is particularly true for oxides formed by
electrolytic oxidation of nickel hydroxide where an almost
amorphous condition of the ﬁéterial 1s indicated.

However, recent measurements on magnetic
properties (30) of higher oxides of nickel formed by
chemical oxidation of Ni(OH)2 with sodium peroxydisulphate,
hypochlorite or hypobromite give very interesting information.

Thus, it has been shown that the transition from Ni(OH)2
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Table 1T

Higher Oxides of Nickel with details of their

Preparation and Proverties

Oxides Preparative Methods Properties and
Evidence for
Existence
NiOz.xHZO l, Ni(II)-salt solution Evidence in calori-
+KOH+C12 (30,43) metric studies (44,46).
. . X X Higher oxygen content,
2. Calorimetric titration
(4h ,46) of alkaline ??grggoEi)to X-rays
» , , [ )
K28208 solution with Diamagnetic (30).
Ni(NO.), solution. .
3’2
«-Ni0,0H 1l. K28208 + KOH + K2Ni(CN)4 Identified by
I X-ray diffraction
( '14"45) (44).
B-NiO,0H l. Ni(II)-salt solution Identified by X-ray
or a suspension of diffraction (44),
Ni(OH), + KOH + Br Paramagnetic (30).
2 2
(40).
2. Solution of NiSOu +
CH4COONa - electrolysis
at”a temperature below
259C (44),
3. K28208 + KOH + Ni(N03)2
(44),
¥ -NiO,OH 1, Metallic Ni + Na202 + Identified by X-ray

2,

NaOH - fusion, followed
by careful extraction
with ice water (30,44),

Anodic oxidation of
G-BNi(OH)2.2H20 (over-

charging) (21).

diffraction. (Black
lustrous hexagons or
needles).
Paramagnetic (30).
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K28208 + KOH +
Anodic oxidation

of NiSO, + CE.COONa
solutionn (44)%

Ni(N03)2 solution +
KOH + Br, at 50-100°C
(Lh).

Solution of NiSOy +
CH3COONa at 50-60°C -
electrolysis (44),

Identified by X-ray
diffraction,

Identified by X-ray
diffraction,
Crystalline (hexagonal)
"Double layer lattice",
On heating to 140°, it
decomposes to NiO,
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to B-NiO.0OH takes place within the same phase, and
consequently, NiO.0H is formed in the normally developed
Ni(OH)2 structure (44). A magnetic study (30) of the
Teaction with sodium peroxydisulphate showed a progressive
oxidation to Ni{III)- and Ni(IV)-oxides, while the hypochlorite,
hypobromite and glectrochemical treatments caused simulianeous
oxidation to the higher states in propoxrtions which counlad

be calculated from the magnetic susceptibility and the
observed degree of oxidation. Although the hydroxides do
not obey the Curie-Weiss law rigorously, thermomagnetic
studies showed that Ni(III)- and Ni(IV)-oxides has 1 and O -

unpaired electrons, respectively.

(c) Electrochemical Behaviour of the Njckel Oxide

Electrode (Bulk end Thick Film Oxide)

(1) Mechanism of Electrolytic Oxidation and

Reduction of Nickel Oxide (Charge~-Discharge
Mechanism}: In contrast to the case of the

lead oxide electrode (52), there is evidence that the oxidation

of nickel hydroxide occurs directly in the solid phase.
Kuchinskii end Ershler (1) showed thet oxidation and reduction
of the oxlde does not take place by solution of the oxide
followed by reaction at the metal-solution interface and
subsequent deposition of the product. A solid-state

mechanlsm of oxidation is further supported by the fact ﬁhat
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only divalent nickel has been observed in solution., 1In
recent experiments, however, it was shown (25) that no

nickel ion could be detected (25) by X-ray fluorescenc¢

(limit ~ 0,1 p.p.m) in the residue obtained by evaporating

the electrolyte in which é nickel electrode hagd been subjected
to a cyclic potentiodynamic programme for 2 hours, Also
apart from the complexes mentioned previously, oxides

appear to provide the only medium in which the trl- and
quadrivalent ions are capable of existing, for no simple

salts of these valence states have so far been reported,

Also Tuomi (53) recently'obserVed by X-ray and microscopic
examination that Ni(OH)2 which was initially microcrystalline
remains microcrystalline and, correspondingly, macrocrystalline
material remains macrocrystalline over long periods of
"eyeling", This strongly supports the view that the
oxidation-reduction reactions take Place primarily in the
solid-state and not through a solution-precipitation mechanism,
Since the oxide layer apparently remains "in situn throughout
oxidation ang reduction, reaction between the oxide and the
electrolyte can take place only at the interface between

the two (29), Consequently, oxidation and reduction can
proceed into the bulk from the surface oxide layer only if at
least one of the phases in contact with the substrate metal

is electronically conducting, a property usually associated

with the presence of metal ions in two valency states,
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Various views on the mechanism of charging
and discharging the nickel oxide electrode in alkaline medium
have been proposed. According to Foerster (12,13) and
Glemser et al. (47), during the charging process Ni(OH),
is first oxidised to & tetravalent nickel compound "Nioz"
and this material subseguently reacts with more Ni(OH)2
to give a trivalent compound N1203 or B-Ni0.0H,'or spontaneously
decomposes with loss of oxygen to form N1203 or B-NiO,OH
(ef. ref. 30); during the discharging process direct
reduction of the trivalent'nickel compound, E~NiOC.OH to
the divalent Ni(OH)2 was envisagede. |
| Quite recently, Wynne-Jones and co-workers
(29,35) suggested the following sihple mechanism for the
charging and discharging processes in the nickel oxilde

electrode:

charging
- ‘_jg

NiO,0H + HZO + e I
discharging

Ni(OH)2 + OH
The phase change Ni(OH)Z:i NiO.OH is facilitated by the
fact that Ni(OH), and 8-N10.0H have related hexagonal
layer lattices (of course, the lattice of Ni(OH)2 must
become disordered and distorted during charging in order
to accommodate the greater relative proportion of oxygen)
and beceause, for charging, a simple process equivalent tp

the joint removal of an electron and a proton 1s necessary.,
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Since this process of oxidation can only occur at the
interface between the grains of oxide and the electrolyte,
it is necessary in order that oxidation can spread through
the bulk of the oxide, for proton diffusion to occur through
the solid phase, This process sets up a concentration
gradient of the various oxidation states of Ni in the solid
phase. It has also been suggested (29,35) that some
oxidation of NiO.OH to NiO2 is necessary in order to give
the oxide electronlically conducting properties. The

latter situation is required if oxidation is to procecd
within the bulk of the oxide. However, fhere is no evidence
that the Ni1(IV) state proposed by Wynne-Jones et al.

1s really necessary for good electronic conducitivity. A
solid solution of Ni(II) and Ni(III) oxides would also be
expected to have a good electronic conductivity. Recently
Bockris et al. (54) deduced that the passive oxide layer

on Ni having a non-stoichiometric compositicn N1°1.5-1.7 has
good electronic conductivi@y.

Lukovtsev and Slaidin (16,55,56) recently
proved experimentaily that during the charging and discharging
process, diffusion of protons through the solid oxide phase
does actually occur. Protons diffuse towards the oxide-
electrolyte interface from the bulk during charging and in

the opposite direction on discharge. By adding impurity
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ions, e.g. Li+, Zn2+,

A13+, MoO3 or w03, to the electrolyte
(55,56) and studying the effects of their adsorption at the
interface on proton diffusion and oxygen overvoltage, they
also were able to show indirectly the presence of "N102"
(an n~type semiconductor) in small quantity at the oxide~

electrolyte interface. This material was formed through

the reaction
NiO.,0H + OH —» "N102" + Hzo + e, 11

Incorporation of lower valent ( < 4) impurity ions (L1+,
2+ iu

zn®* or 813%) into the Mi*" lattice of the oxide wiil tend

te decrease the electric conductivity and increase the
proton concentration., Hence a decrease in the proton
concentration gradient in the film results. The opposite

6+

will be the case when w (supposédly from w03) is incorporated

into the N:llH oxide lattice (56). These results therefore
indicate that there is a concentration gradient of wvarious
oxidation states of Ni through the solid oxide phase, At
the metal-oxide interface, Ni&OH)2 predominates whereas
"N102" tends to characterise the oxide-electrolyte interface
reglon (55,56).

Moreover, oxygen evolution succeeds the
initial stages of the formation of the oxide and hence must
teke place at the oxide-electrolyte interface (1,4,€,16,29,
534564,57,77,122) rather than at the metal surface (i.e. metal-

oxide interface); hence it may be presumed that higher oxides
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(viz, "Nioz") tend to be formed at the oxide-electrolyte
Interface and the lower ones near the metal surface.

An Interesting observation was made by
Kuchinskii and Ershler (58) in an experiment in which the
oxidation and reduction of a single grain of nickel hydroxide
was observed microscopically in alkaline solution., When
current was passed through the grain, it darkened next to
the anode (but not at the contact point between the wire
and the grain) and darkening gradually proceeded throughout
the whole grain. The darkening was obviously due to the
oxidation of Ni(OH)2 to species containing excess active
oxygen, viz. NiO.OH or higher oxides having good conductivity.
Complete reduction of this material by cathodic polarization
was found to be impossible because the cathodic end of the -
grain became an insulator when it lost its active oxygen;
in other words, by cathodic polarization, an insulating
layer of Ni(OH)z was interposed between the oxidized material
and the metal contact so that the remaining material became

electrically isolated.

(11) Mechanism and Kinetics of Self-discharge: One

of the features of interest in the study of the nickel oxide
electrode is the loss of charge of the electrode when it is
left standing in pure alkaline solution on open-circuit,

This 1s actually the limiting factor in "Shelf-life" of a
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charged accumulatoer. The loss of charge is always accompanied
by oxygen evolution and decay of e.m.f. of the cell,

Some of the earliest work on the self-discharge
process was carried out by Foerster (12) who observed that
a fully charged nickel oxide electrode on cpen-circuit would
continue to evolve oxygen at a visible rate for as long as
24 hrs, after cessation of the charging current. The
initiel rate is very rapid and slows down after an initisl
perlod but continues for many days before eventualliy becomihg
negligitle, Foerster's e.h.f. results are in good agreement
with those obtained recently by Pitman and WQrk (59) and
by Conway and Bourgault (4) using modern procedures and more
refined and elegant techniques. However, Foerster (12)
reported that the loss of electrical charge, &s measured
coulombically by electricsl discharge, was greater than that
which could be accounted for on the basis of the oxygen gas
collected. This was probably due to the fact that the
measurements on the volume of gas were made on & complete
nickel-iron battery unit (using "pocket® type electrodes)
in which the presence of hydrogen, liberated from the negative
plates and the presence of readily oxidizable iron complicated
the measurements of the net quantity of oxygen evolved.

Foerster suggested that the initial drop of

electrode potential corresponded to the decomposition of
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"Nioz" present in small quantities at the end of charging,
after which the potential became stabilized at the characteristic
potential of N1203.

Foerster's results, however, were insufficient
to lead to any definite conclusion on the effects of KOH
or water activity on the rate of self-discharge and this
led Pitman and Work (59) to measure the rate of oxygen
evolution on open-circuit, following polarization, as a
function of electrolyte concentration using a nickel-cadmlun
battery unit, They concluded that the rate of self-
discharge (in terms of oxygen evolved) was proportional
te the square root of the water activity (eof., ref, 29).
This conclusion was not without ambiguity, however, since
1t was based on the total amount of oxygen evolved over a
13 hr. period on open-circuit following pelarization st a
given fixed current density; no account was taken of the
potentlial of the electrode or its state of oxidation at
any time during this decay; nor was it Tealised, apparently,
that the rate of self-discharée must vary considerably
during this period of time as the electrode potential falls
(since the rate of self-discharge is a function of electrode
potential (4)),

Pitman and Work (59) also observed correctly

that the decay of e.m.f. of the nickel oxide electrode on
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open-circuit was epproximately logarithmic in time and that
dv/dlog[rate of oxygen evolution] is 0,105 V for the higher
potential region and 0;035 V for the lower region. The
value 0.035 V is in relatively good agreement with values
found by others (see section 3) for arodic oxygen evolution
on nickel oxide, These authors (59), however, inspite of
the significance of this agreement with the value of the
Tafel slope*, concluded that the oxygen evolution partial
reactlon was not the rate-determining process in the coupled
self-discharge process (cf. ref. 4); they preferred the
explanation that the electrochemical reduction of adsorbed

oxygen on 8-Ni0,0H (step I) was rate-determining:
(B'Nio‘OH)zoads. + Hzo + 2e —» 2 B-NiO,OH + 20H I .

200" — H0 + %0

2 + 2e IT

-

Wynne-Jones et al. (29) observed that the

2

rate of potential decay on open-circuit during self-discharge
of the charged electrode was -at first rapid but gradually
became slower until eventually a virtually linear "arrest"

at potential ca. 0.4 V (vs Hg/Hg0) was reached. It was

* The Tafel slope, b is defined as dV/dlog[i] where V is
the electrode potential and i is the current density.
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during this period when potential decayed very slowly, that
most of the electrochemical charge was lost. The charge
loss during the steep fall of potential was negligible,

This was indicated by the active O:nickel ratios at different
time intervals, The behaviour was, however, found to depend
on the layer thickness and KOH concentration. The thin

film oxide electrode discharged more rapidly than the

thick film one. When the rate of self-discharge was
determined by measuring the total time Tequired for completion
of self-discharge of the électrode In different concentrations
of KOH, it was observed that the rate of self-discharge
increased in an approximately linear manner with increasing
KOH concentration (it is to be noted that the dependence of
self-discharge rate on the KOH actlvity, according to these
authors, is inthecopposite sense to that found by the authors

of ref. 59). Based on these observaticns, Wynne-Jones et al.
(29) concluded that local cell action at the metal/oxide
interface (and not spontanepus decomposition of the oxides
(except possibly initially)) wuas responsible for self-discharge
of the nickel oxide electrode (cf. refs. 4,6)., This idea
was further substantiated by the fact that (A) the active
material when detached from the electrode surface was more
stable in KOH solution than when it was at the electrode

surface and (B) the rate of self-discharge is dependent on
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KOH concentration and hence a corresponding interaction
between oxide and electrolyte solution was involved.
Further, the posslibility of a disproportionation reaction
between the nickel metal and the oxide was discarded because
the layers undergo self-discharge as readily on a Pt
substrate as on Ni,

Conway and Bourgault (4,6) from the results
of rigorous kinetic analyses came to the conclusion that
the self-discharge must proceed by a mechanism analogocus
to that of electrochemical corrosion of a metal (ef, ref. 29),
l.e. anodic and cathodic reactions are occﬁring simultaneously
at a common mixed potential at the oxide/electrolyte interface
(ef, ref. 29), According to these authors, the following‘
scheme of reactions involving a mixed Ni(III) and Ni(IV)
non-stoichliometric hydrated oxide lattice may represent the

self-discharge process:

by | 2. - b+ _ 2-
Ni7".20 (surf,) +O0H — Ni77.20 (surr,) t OH(ads.) + e(1att.)
11T
by | 2. electron
Ni .20 + e 3+ .2~
(surf.,) (latt.) tranarer N17 20 (surf.) v
(fast)
3+ ,42- proton 3+ 2= - -
N17".20 (surf,) * H20 tFansfer N1~ «0° .0H (surr.) ¥ OH

\
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Due to electronic and protonic mobility in the lattice,

b
i

N +.202' can be regenerated at the surface of the oxide by

the reaction:

e,H

I
(bulk) transfer

NiZ*,0%~ 08" N1t 202

(surf.)
VI

2~

N1, 202" )+ Nidt, 02" 0"

(surf, (bulk)

The discharge of OH™ ions (III) can then continue to occur
in the double-layer region until all lattice Nia+ ions are
converted to N13+; similerly self-discharge of the

Ni3* 02", 05" phase to NiZt

«20H™ can also occur over e range
of lower potentials. The processes (IV and VI) involving
electron transfer in the lattice ﬁill be very fast and could
not be rate-determining, Again, since self-discharge

rates are increased substantially by increasing KOH activity
(see also ref, 29), the process (V) is unlikely to be rate-
determining because, with increasing KOH activity from

0 to 15M, the water activity falls from unity to about

0.2, Thus, these authors (4,6) concluded that the rate of
the self-discharge process is controlled by some step (for
example VII below) in the anodic oxygen evolution partial
reactions (see also section 3, this chapter), rather than

the cathodic one of reduction of nickel oxide in the bulk

or in the surface phase as suggested by Pitman and Work (59)
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(reaction I, p.'23):' thus, e.g.

ey rate
OH(ads.) + OH determining 0(ads.) +HO0 + e VII
2 o(ads.)-_’ 02 (g). VIII

On the basis of the identity of oxygen evolution rate (on
open-circuit) and the steady-state anodic d.c. polarization
Tafel slopes [2.3 x 2BT/3F to 2.3RT/F] for 0, evolution
observed experimentally, these authors (6) also pointed

out that the self-discharge pfocess in the over-charge

region is not a non-electrochemical decomposition (cf.

ref. 12,43) or a desorption from the surface phase at the
interface of the nickel oxide particles but, rather
unambiguously, an electrochemical one similar to that occurring
at the partially charged material. Further convincing
evidence opposing the idea of "non-electrochemicsal
decomposition" (12,43) and the "cathodiec reduction" (59)

of the charged nickel oxide during the"self-passivation" process
given by these authors (6) was the observation of an

"inverse HZO/DZO isotope effect" on the rate of the oxygen
evolution reaction, Both for the open-circult decay process
and the d.c. anodic polarization behaviour, the H20/D20

isotope effect on the rate of oxygen evolution is an inverse

one having a magnitude of about l/5, the reaction in the
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D-solvent being the faster at a given oxygen overpotential.
The identity of the direction of the isotope effects for
self-discharge on open-circuit and d.c. polarization shows
that the rate~controlling process is likely to be the same
in the two cases and is hence associated with oxygen
evolution, The direction of the isotope effect observed

is also important negative evidence that the cathodie

reduction step invelving proton transfer viz.

+
Nio.oH © H s€ Ni(om), IX

which must occur in self-discharge, is not rate-determining,
as had been suggested by Pitmen and Work (59). Recently
Tuomi (53) confirmed that there 15 a relationship between-
ease of formation of Ni(IV) species and the rate of the
self-discharge process.

(111) Effect of Additives: Casey and co-workers (17)

recently summarised the knoun effects of additives {anions

and cations) on the charge~discharge behaviour of the nickel
oxide electrode. They (17) observed no appreciable effect

of carbonate on the coulombic capaclty of the nickel hydroxide
electrcde at 25°C. However, at low temperatures, for
example, at -18°C and -40°C, the loss in capacity due to
carbonate was found to be larger for plates which contained

a greater amount of active materizl. This was explained
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(17) as originating because of the formation of a nickel
hydroxy-carbonate as an intermediate in the process of
electrochemical reduction. At -4o°c, the carbonate effect
observed is feirly small until the carbonate content

becomes sufficlently high that the electrolyte becomes glassy
(at about 60 equiv, % 0032'), when the rate of transport of

water needed for the discharge reaction

Hzo + e + NiO,0H — Ni(OH)2 + OH

falls practically to zero,

adaition of Lit, agt, sv*, ar3*, Bi3*, ete. to
the electrolyte has effects on capacity and charge-retention
of cycled nickel oxide electrodes, and the effect of
addition of Li* to the electrolyte has been studied
exhaustively. Addition of LiOH to KOH gives an increased
coulombic capacity and a longer life to the positive
electrode. The increase in electrode potential observed
with a lithiated electrolyte has been interpreted as an
increase in the oxygen o%er-voltage permitting higher
nickel oxidation states to be reached on charge (17,60).
This hypothesis is substantiated by oxygen over-voltage
measurements on nickel plates (55,56,60).

According to the view proposed recently by

Tuomi (53), the presence of LiOH in the electrolyte -
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eliminaztes the formation of the so-called a-phase (53)

(a2 tetravalent nickelate) at the electrode surface (cf.
ref. 4) during charging of the nickel oxide electrode, In
the mixed electrolyte, although the a-phase is formed

initially, it disappcars after several cycles; the final

"cherged" material is the B-phase (Ni I1II). On the other
hand, in a pure aqueous KOH electrolyte the a~phase is

formed at the surface region of the electrode and this phase

contributes te the electrochemical capacity if the discharge
rate 1s sufficiently slo*. If the current density is too
large, however, it is stated that the a-~phase does not cycle
and it is believed to function as an inert materisl*
decreasing the effective amount of active material and hence
the effective coulombic capacity. Thus the increased
capacity which is attalnable in the lithiated electrolyte
can be attributed to the elimination of the rate-sensitive,
low density a-phase; which is not efficiently cycled at
normal current densities. , The elimination of the w-phase
elso permits ready oxidation of Ni(OH)2 (in the discharged
condition of the oxide) throughout the compacted layers to

trivalent nickel species (B-phase)., i

* This appears to be a controversial point and seems
inconsistent with the properties of electrcdes formed under
the most strongly anodic conditions,
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(iv) Hysteresis in the Charge-Discharge Processes:

A process is said to exhibit hysteresis if, when the direction
of change of an independent wvariable i is reversed, a
dependent variable y fails to retrace the values through ‘
which it passed in the forward brocess; the dependent
variable "lags behind" in its attempt to follow the changes
in the independent variable. In some systems the size of
the hysteresis loop depends upon the speed with which the
loop is traversed and, hence, upon the frequency of tne
oscillation of the independent variable,

In the nickel oxide-KOH system two kinds of
hysteresis have been observed: (A) kinetic hysteresis
and (B) hysteresis of & more fundamental kind in the charge-
discharge process., Kinetic hysteresis in the 02 evolution
process has been observed in the present and other work

(61-63).  In general, kinetic hysteresis is due to

"sluggishness" of some step in the ascending (change to more §
positive potentials) or descending polarization processes.
Commonly it arises in exothermic adsorption processes, where
the activation energy for adsorption is much less than that
for desorption, Kinetic hysteresis is exhibited strongly
by the nickel oxide electrode doped with lithium (61,62),
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Hysteresis in the processes of charge and
discharge of the nickel oxide electrode is an important
and well-known phenomenon but differs from the kinetic
hysteresis in 02 evolution at nickel oxide, In this case,

& certain potential separation ( A V) between the charging

and the discharging curves exists. This is because when

the independent variable, potential, is changed in the

reverse direction (discharge), the change of the dependent
variable, charge,lags behind as the changes in potential are
impressed on the electrode, The result is a hysteresis

loop, Although this phenomenon is well known, no satisfactory
explanation has hitherto been glven, It will be considered
further in this thesis,

Two different kinds of general explesnations
for the occurrence of hysteresis have been glven, First,
according to Foerster (12-14), and Glemser and Einerhand (47),
the separation of potential between the curves of the charging
and discharging processes 1s due to the fact that a higher
electrode potential is required for charging the nickel oxide
electrode than is required for discharge. Thus, the idea
was advanced that charging (cf. ref. 30) of Ni(OH)2 takes
pPlace through the initial formation of a tetravalent nickel
compound "N102" which then gives the trivalent nickel compound,

Ni0.0H by reacting with more Ni(OH)2 or by decomposing
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spontaneously to NiO.O0H, whereas during the discharging
process, direct reduction of Ni0.0H to Ni(OH)2 is involved,
l.e. there is an intrinsic irreversibility of the process
(except at the equilibrium potential),

Secondly, Wynne~Jones et al. (29) have
suggested that the potential separation between the curves
for the charging and discharging processes is due to the
concentration gradient set up with respect to variously
oxidized species (viz. Ni1%*) Ni3*, N1*") within the solid
phase, This then 1ntroéuces, during the.charging process,
8 certain amount of "iRe polarisation (chmic overpotential
across the solid oxide phase) into the leasured electrode
potential, while during discharge "iR" is reduced or eliminated
(as on open-circuit discharge), According to these authors
(29), concentration polarization of the electrolyte (i.e.
when the KOH concentration in the immediate viecinity of the
electrode differs from that in the tulk) will also make a
contribution to the observed "potentiezl separation",
elthough probably this would be a rather small effect.
Neither of these explanations for the occurrence of hysteresis
seems to be very satisfactory,

. Conway and Gileadi (7) experimentally
determined the quasi-equilibrium potential E° for the

reaction
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Ni(OH)2 + OH = NiO.0H + H20 + e I

and found it to be equal to 0.523 V vs NHE; Foerster (12),
assuming that during charging Ni(OH)2 1s oxidised to

"NiOz" according to the reaction

Ni(OH)2 + 20HT <= NioO + 2H20 + 2e, IT

2

found E° for this latter reaction to be equal to 0.49 V vs
NHE, The E® value for this reaction cannot be celculated
theoretically* with any degree of accuracy because the free
energy of formation of "Nioz“ is not Xnown accurately since
“Nioz" has never been prevared in a well characterised
state. From the closeness of the two E° values, both the
reactions forming 8-NiO.0H and NiO2 are to be expected to-
occur simulteneously, This has, in fact, been observed

by Labat (30) by means of magnetic susceptibility measurements.

* The value given in Latimer's tabulations (64) is based on
the e.n.f, of battery electrode materials, and is quoted

for the reaction involving "NiO" and the standard Hj
electrode process. However, this result begs the question,
since it was, and still is not known what is the exact
condition of the higher oxide present in the anodically formed
material, The potentlal and formal degree of oxidation
attainable depend, in fact, very much on KOH concentration

and temperature, Further studies on the latter matter are
presented in this thesis.
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(d) Stoichiometry and States-of-charge of Nickel

Oxide in the Charged Material (Bulk Oxide and

Thin Film Oxide Materials)

Various types of chemicalAand physical methods
have been applied in a complementary way to electrochemical
studies on this electrode material in order to determine
the stolchiometry of the oxide in the charged state and then
the state-of-charge of electrodes under other conditions,
Much of the early work, }n particuler that of Zedner (9-11)
and Foerster (12,13), was concerned with establishing the
stoichiometry of species inveolved in the oxidation and
reduction reactions, Although different conclusions
regarding the nature of the overall reactions were reached,
these workers agreed that water was liberated during the
charging reaction and consumed during the discharging
reaction but disagreed regarding the stoichliometric amount
of water involved, as well as the degree of hydration of
both the oxidized and reduced products, More complete
studies of stoichiometry of bulk oxides in the charged and
discharged states at the electrodes have been made recently,
e.g. by chemical methods (29,33,51,53), combined chemical
and electrochemical methods (Conway and Bourgault, 4,6),
by chemical and magnetochemical procedures (Labat, 30,31)

and by chemical and differentisl thermal analysis (DTA)
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(Aia, 32), In most of these studies, bulk nickel oxide
was used but Jenes et al. (29) used both thin and thick
films of electrochemically or chemically deposited nickel
oxide on a basis metal such as nickel wire or foil, or
platinum,

In the "fully-discharged" state of the electrode
material, there is usually found a certain quantity of
cathodically determinable residual charge, The quantity
of this residual charge (i.e, equivalents per Ni above the

Ni(II) state) depends on the nature of the electrode

naterjal: it is least (~0.0) when thin oxide film material

is used. With bulk or thick film oxides, the residuel

charge may sometimes become quite appreciable (29). When

thin film oxides are used, the nickel valency in the discharged

material tends to a value of +2 (29), Therefore the
"discharged" electrode material is essentially Ni(OH)Z.
In relation to the constitution of oxides present in the

discharged nickel oxide bgttery cathode, it is to be noted

that a new bivalent hydrated nickel oxide a-3Ni(0H)2.2H 0

2
has recently been characterised (21). According to Bode
and co~-workers (21), in strong KOH and at high temperatures
this hydrated oxide is converted to B-Ni(OH)2 which on

electrochemical oxidation gives B-N10O.OH.
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On charging the nickel oxide electrode, it has
been observed (29) that the "active oxygen", [0]* content
Increases with increasing potential and at the highest
potential the final product has a mean stolchiometry
"Ni01.8"' Conway and Bourgault (3-6), using precipitated
nickel hydroxide in sintered plaque electrodes in various
concentrations of KOH, observed that the electrode could be
oxidized to the formsal state "N101.57" in the strongest
solution (14,6 1) of KOH at 25°C and to smaller extents in
more dilute soluvtions and/or higher temperatures.

Ala (32) found with mixed Ni/Co oxide electrodes
that as the charging of the sintered oxide electrode in
7M KOH solution progresses from the "over-discharged" state
containing mostly Ni(OH),, the mole ratio [0]/[N1+co]
gradually increases and the mole ratio [HZO]/[N1+C0]
gradually decreases. The mole ratio L0]/[Ni+Co] was

observed to vary from 0.1 for the "over-discharged" state

* Active oxygen, [0] may be defined chemically as the
oxidlzing equivalents of the nickel oxide which are
determinable by release of lodine from acid solutions of
lodide, This oxygen is thus determinable lodometrically,
It 1s also (see Chapter II, section 9) the quantity of [0 ]
beyond that corresponding to the divalent state of nickel
in the oxide and is thus determinable by other suitable
reductants, "Active oxyzen" content in the charged state
of the electrode is thus a measure of the available
electrochemical charge (or capacity) of the electrode

(30"'32) °
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of the material to 0.55 for the 1003 charged material and

the mole ratio [Hzo]/[Ni+Co] was found to vary from 1.20 to 0,70
for the above two states of the electrode material., The
highest 0:Ni stoichiometry attained by the charged material
brepared by Ala (32) was "Ni°1.81" Teached in a (formally)
"660%" charged state of the electrode. Bode et al. (21)
observed that the electrochemical oxidation of a-3N1(0H)2.2H20
yields an oxide having a formula [Niuo4(OH)4]01.5(OH)O.5K
with nickel valency of 3.62.  Tuomi (53) observed that the
maximum oxidation state attained by nickel in the over-
charged state wag betveen 3.34 and 3.48 dépending on
concentration, purity of the electrolyte, temperature and

the nature of the Initial nickel hydroxide electrode

material. Bro amd Cogley (65) recently prepared a high
valency oxide (Ni valency ~ 3.6) by hypochlorite oxidation
(ef. refs. 22,29,30,35) of Ni(NOB)z.

From results on the stoichiometry of nickel oxide
in the charged and discharged states, it is usueally found
that a freshly charged positive electrode always contains
more "active oxygen" than that corresponding to the formula

N1203 or NiO.OH. One group of co-workers (4,6,9-12,29,35,4?.53).
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has sought to explain this result in terms of the presence
of "Nioz" (or a tetravalent nickelate (53)) with N1203 or
F-NiO.0OH (or a trivalent nickelate (53)) in the form of a
solid solution in the charged state of the electrode; a
second group (15,48,49,59) has suggested the presence of
adsorbed atomic oxygen associated with the charged oxide

material, i.e. NiZOB(O)ads. or E-Ni0.OH(O) X~-ray

ads,”’
evidence cannot give any information about the presence of
such adsorbed oxygen or of atdmic oxXygen 1In an electro-
chemically active form (35). "Nioz" has‘never been
identified as such by X-ray diffraction in the charged
material of the electrode, even when the electrode is over-
charged (15,35 cf. ref. 53). This is probadbly because
"N102" 1s an amorphous material. However, the presence of
"NiO " (i.e. Ni(IV) oxide) in the charged oxide material
has been demonstrated in the magnetic measurements of Labat
(30) (Ni1(1V) is diamagnetic) and indirectly by Lukovtsev
et al. (55,56) (cf. the X-ray diffraction measurements

(53) of Tuomi).

The question of formation of a E~phase nickelate
rather than a higher oxide of nickel upon charging of the
Ni(OH)Z-phase has been considered recently by Tuomi {53)
using X-ray diffraction analysis. He noted that althpugh

the intense X~ray diffraction line for the E-phase formed
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in aq. LiOH and KOH mixtures at a diffraction angle of 19°
(=26) was practically coincident with that for the Ni(OH),
(001) plane reflection, the complete X-ray diffraction
~pattern for this phase was more closely rélated to that

of LiNiO, (66) than to that of Ni(OH)z. This author hence
suggested that the f-crystalline phase is a trivalent
nickelate (viz. KN10,, LiNiO2 etc.) rather than a trivalent
nickel oxide (viz. NiO.OH like lepidocrocite) (cf. ref. 67 and 204).
It has, however, been observed by X-ray diffraction
(15,35,53) that electrochémically deposited thin film oxide
material has, in the charged state, a struéture distinctly
| different from that of the B-phase obtained by anodizabion
of well crystallized bulk Ni(OH), material.

In concentrated KOH solutions, the P~phase can be
further oxidized glving the a-phase (K2Nig+(1_y) N1§+ 02'(uny)
where y = 0.5 to 1), a tetravalent nickelate having an
appreciable solid state solubility for trivalent nickel.

This a-phase differs from tbe f-phase in having an intense
diffraction line at 12.5° (=20) instead of the line at

19° (=20) characteristic (see above) of the f-phase., The
formation of a-phase nickelate is aécelerated in highly
concentrated solutions of KOH or NaOH and at low temperatures.
The presence of LiOH in the electrolyte tends to eliminate,

however, the formation of the a-phase but in the absence of



- 4] -

LiOH there is always some tendency for formation of the
a-phase at the f-phase-electrolyte interface. in order
to account for the incorporation of various cations in the
oxidized phase and the propagation of an oxidation front
throughout the bulk phase‘during charging, Tuomi (53)
proposed a series of complex reactions which are believed
to occur at the oxide-electrolyte and E£-phase-nickel
hydroxide interfaces.

An observation confirming the incorporation of
alkall cations into the lattice of nickel oxide as the
latter becomes charged has recently been made by Kober and

Lublin (68), These authors observed by potassium X-ray

scanning that in the charged state the nickel ozide electrode

contalins a high concentration of potassium which is distributed

non-uniformly throughout the whole mass. After discharge,
the potassium concentration in Ni(OH)2 1s found to decrease
to a low value,

Absorption of KOH and HZO by charged nickel oxide
and their release upon diséharge was also observed semi~
quantitatively by Ershler et 21. (69) and Kornfeil (70)
and more quantitatively by Conway and Bourgault (5) and
Ale (32). However, Ala's results contradict the idea of
formation of a nickelate proposed by Tuomi (53). Ala

observed (32) that much less Lit could be detected in the
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charged oxide species whereas quite appreciable amounts of
K" were present. Moreover, recent observations by Uflyand
et al. (67) showed that "NaNiO," is electrochemically
inactive so that the nickelate could not possibly act as

a reversible cathode material in the battery. Therefore,
it seems that the nature and bonding of K ions and their
effect on the structure of the charged material requires
further investigation. It is possible that X ions

occupy cation defect sites or are bound between layers of
oxygen octahedra (as in mica) or are substituted for protons
on hydroxyl sites. If the alkali metal catlions go into

2+

"Ni sites (cation defect positions) then it would be

expected, on the basis of lonic radil considerations, that

2+ lons than would.

Li+ ions would more favourably replace Ni
K+ ions, However, the contrary is observed,

More recently Kober (20) using high resolution
infra-red spectroscopy re-examined the states of nickel
hydroxide in the charged and the discharged condition of
the electrode. The spectrﬁm of the oxide in the charged
state is characteristically different from that in the
discharged state on account of the absence of the hydroxyl

band at 3650 cm-l. This band is replaced by a broad

1

diffuse absorption centred st ca. 3450 cm™, while in the

far infra-red, charging results in a broadening and shift
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of the band at 535 cm™) to a higher energy (575 cm™l).

Other changes on charging are associsted with the disappearance
of the Ni(OH)2 combination band (interaction of the Ni-0
stretching with the OH lattice libration mode) at 350 cm™l,
accompanied by a broadening of the Ni-O stretching fundamentall
at 450 cm™', In the charged form, it is concluded that

"free" (non-hydrogen bonded) hydroxyl groups which are
characteristic of the discharged state, are not present.

A hydrogen bonded structure is on the other hand developed

in the charged state. buring discharge of the higher oxide,
Ni(OH)2 is formed continuously with a corfesponding gradual
disappearance of hydrogen bonds as indicated by the

progressive shift 1n the librational water band from 575

to 535 em™l,  If the discharge process involved the form-
etion of solid solut;ons, "solute-solvent" types of interaction
should be observed in the spectra, i.e. either a shift or
broadening of the hydroxyl band or the appearsnce of

1 due to these

combination bands in the region of 3650 cm™
interactions should arise. Since these interactions were
not abserved, an 1mportant conclusion; which differs from
earlier deductions (cf. refs. 7, 15, 34,48,53) based on
X-ray crystallographic and electrochemical evidence

(continuity of charging curves, and guasi-equilibrium

potential behaviour in a limited range of total charge
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(10-50%)) is that the Ni(II)~hydroxide forms mixtures
(distinct phases) with the charged species as opposed to
continuous solid solutions (7;15,34,48,53). Both Salkind
et al. (34) and Falk (15) consider, however, the X-ray
diffraction behaviour where some Ni(OH)2 lines disappear

and others appear as implying a solid solution phase
transformation between Ni(OH)2 and the B-phase (see also
ref, 35). Tuomi (53), however, suggested that the observed
coincidence of the X-ray diffraction patterns for the g-phase
and Ni(OH)2 reflects a coincidence of LiNiO2 and Ni(OH)2
diffraction lines rather than indicating a.solid solution

" of trivalent nickel in the Ni(OH)2 crystal lattice., Thus,
Tuomi disputes that the phase transformation can be viewed
as a simple proton migration out of the Ni(OH)2 lattice to
forn a solid solution of the higher valent oxide, since the
alkall metal cation is an essential component of the
oxldized phases. The formation of mixtures of Ni(II)- and
Ni(III)-oxides as opposed to solid solutions during charge
and discharge was also prop&sed on the basis of X-ray
diffraction results by Wynne-Jones et al. (29,35) as
mentioned previously. However, other work (4,9-13,29,35,47)
indicates that their results do not necessarily disprove

the possibility of formation of a sclid solution of several

higher oxides when the electrode material 1s in its charged

state (’4',9"'13,29335:47) .
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The principal experimental feature for which the
solid solution model offers no satisfactory explanation
is the essentlally rate-independent separation between the
charge and discharge potentials (see section above on
hysteresis)., This cannot be accounted for in a simple
fashion on the basis of any of the kinetic treatments of
charge-transfer reactions which require that rates of a
process in either direction can only be increased by
epplication of increasing potential of appropriate sign
(electrochemical Arrheniué equation), It.is, of course,
conceivable that the departures from equilibrium are
sufficient that the mechanisms of the forward and reverse
reactions are different under the usual experimental conditions;
with such a supposition, a more complex kinetic trestment
might be able to account for the observed behaviour. This
matter 1s treated further in the original aspects of the

present work to be reported in a later section.

3. NICKEL METAL OXIDATION AND THE MECHANISM OF OXYGEN
EVOLUTION DURING OVERCHARGE

Many workers have reported studies on oxidation of
metallic nickel and subsequent anodic oxygen evolution on
nickel oxide in alksline solutions. However, it seems

that there is no wide agreement amongst the kinetic results
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of various workers. For example, values of the Tafel

slope, b, characterising log({current density)-potential
plots, on the basis of which probable reaction mechanisms
may in some cases be proposed, have been reported for the
high current density (c.d.) region (1> 107 amp. cm-z,)

as ce. 0.09-0,13 V per decade of c.d. by Elina et al.

(71) and by Gantman and Lukovtsev (72) and as 0.12-0.14 V

by Sato and Okamoto (73); in the low c.d. region (i< 10“3 amp.
cm'z), on the other hand, values close to 0.03-0,04 V have
been reported by Fiseiskii and Turyan (74), and by Elina

et 81, (71) for alkaline solutions. Using "bare" nickel

' electrodes, Volchkova and Krasiltshchikov (75) in the case
of KOH solutions and Tsinman (76), in the case of Na0H
solutiong, observed b= 2.3(2RT/3F). Tsinman (76) using'ani
electrochemically oxidised nickel electrode, also observed

a slope close to 2.3 RT/2F at low c.d. in NaOH solutions and
2.3(2RT/3F) in KOH solutions. Conway and Bourgault (4,6)
and Tsinmen (76) noted the dependence of Tafel slcpes on
concentration of KOH solutiéns; but according to the latter
author b was slmost constant in NaOH solutions., Sato et sal.
(73) working at lower c;d. in alkaline sulphate solutions
observed that b was between 0.055 and 0.076 V and was dependent
on pH of the solution. The latter workers proposed a

mechanism for the oxygen evolution reaction ("o.e.r"), at
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the nickel surfece in alkaline sulphate solutions as

follows (cf. ref, 77):
() at high c.d. with b = 13 - 0,14 Vv,
r.d.s. +
H.0 REALEX OH(ads.) +H +e 1

2

followed by other steps involving reaction with OH(ads.)

leading to oxygen evolution, and

(b) at low c.de, with b = 0,055 - 0,076 v,

oH™ — OH 45,y * © ' II
hand r.doSo

OH(adS.) + OH ———— O(ads.) + H20 + e III

2 0(ads.) —* 0,(&). v

Based on his own and earlier experimental findings,
Krasiltshchikov (78) gave a modified mechanism for the o.e.r.

on oxidised nickel surfaces as (cf. refs. L,6):

OH™ —» OH + e b = 2.3(2RT/F) when r.d.s. V
OH + OH™—+0 + H,0 = 2.3(RT/F) " VI
N1,05 — N1,0, + 0 = 2.3(2RT/3F) " VII
Ni,0, — N1,05 + 0 = 2.3(RT/2F) " VIII
0+0 — 0 = 2,3(RT/4F) " IX

2
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Several groups of workers (e.g. refs. 1,3-7,10-14,16,
22,29,35,47) have studied the evolution of oxygen during
overcharge in alkaline solution directlj at the nickel-
oxide (battery material) electrode surface prepared in
various ways. The interpretation of the electrochemical
c.e.Tr, on the bulk oxide material can be quite complex owing
to the semiconducting behaviour of these oxides and the
various valence states in which the oxide can exist depending
on anode potential, In an elegant experiment, Lukovtsev
and Slaidin (16) showed'that proton diffusion {(first suggested
by Wynne-Jones and Jones (29)) in the hydfoxide was an
important step in the mechanism of oxidation of Ni(OH)2
to NiO.OH:

10

Nl(OH)2 + OH™ jfg NiO.0H + HZO + e X

oxygen evolution occurred at the electrode simulteneously

with step 10 by the process:

BOH™ — 2H.0 + O

2 o+ he, XI

Weininger and Breiter (25,26) investigated thé effect
of crystal orientation on the ancdic oxidation of nickel
in alkaline solution by a linear sweep method, using single
crystals of nickel as electrodes. They suggested the

following mechanism for oxidation of nickel in XOH solution:
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(e) from -0.3¢ to -0.10 V vs H,/H' (i.e. -1.226 to
-1.026 V vs Hg/HgO in the same solution): hydrogen evolution

with the rate-determining step:
Ni + HO + e — Ni/H + OH™ X1I

(d) above -0.10 V ys H,/H' (i.e, -1.026 V vs Hg/Hg0):

removal of adsorbed K or electrochemical adsorption of OH:

Ni/H + OH® —— Ni + H,O0 + e XIII
or

Ni + OH™ ~—+ Ni/OH + e XIiv

(e) above 0.10 V to 0.60 V vs H,/H" (i.e. -0.826 to
-0,326 V vs Hg/HegO) formation of Ni(OH)2 by

Ni + 20~  — Ni(OH)2 + 2e XV

Beyond this region, the rate of reaction falls owing
to mobility of Ni(II) ions through the hydroxide surface
layer, |
(f) from 0,60 to 1.20 V vs H,/H' (i.e. -0.326 to + 0,274 V
vs Hg/Hg0) oxidation of Ni(QH)2 to NiO.OH tekes place:
(ef. refs. 16,29):

N1(0H)2 + OH” — NIiO.OH + HO0 + e X

Simul teneously and in a consecutive relation with this step

occurs the process

Ni + 20H" —_— Ni(OH)2 + 2e (see e above) XV
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and it is supposed that both Ni(OH), and Ni0.0H can exist
in this region in a quasi-solid solution (cf., ref. 20 and

the discussion given in the previous section).

(g) from 1.20 to 1.50 V vs Hy/H' (1.e. 0,274 to 0,574 v
¥s Hg/Hg0): Nickel is directly converted to NiO.OH.

(h) Above 1.5 V vs H,/H" (0.574 V vs Hg/Hg0): Oxygen
evolution commences together with further oxidation of Ni(I11)
to Ni(IV) in the oxide layer,

Conway and Bourgault (4,6) observed that the same Tafel
slopes characterised both the oxygen evolution reaction
" which occurs during self-discharge and the anodic d.c.
polarization reaction. Detailed interpretations were given
in terms of mechanism and coverage of surface oxide sites
and indicated the basic ldentity of the reactions involved
in both types of procesé.

Owing to the differing kinetic results obtained by
various workers, it was felt'desirable to study, further,
this aspect of the electrode brocess on nickel under
conditions where thin oxide films were involved and could
be characterised chemically ahd electroéhemically. Such
investigations form an importent aspect of the bresent work

reported in following sections,
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[ ELECTROCHEMICAL BEHAVIOUR OF THE SILVER OXIDE ELECTRODE

The silver oxide electrode was also studied for the
purpose of comparison of its behaviour with that of the
nickel oxide electrode, Silver oxide is used as the cathode
material in Ag-Zn alkaline cells. However, the high
electrical resistance of pure Agzo (79) and its solubility
in elkeline solutions (80) 1limit its effectiveness as an
active material in alkaline batteries.

It is almost universally agreed that during charging,
metallic Ag is oxidised first to Agzo and phen Ag20 is
oxldised to Ag0O. Oxygen evolution then commences on the
Ag0 oxide surface. These three distinct stages in oxidation
are revealed by the three distinct potential plateaus in
galvanostatic charging and discharging curves (79,81,83-85),
and also by potentiodynamic sweep transients (86,87).

The electrochemical formation of AgZO can be represented by

the equation

2 Ag + 20H- —» Ag,0 + H 0 + 2e I

2

The variation of EAg-AgZO with OH™ ion concentration is in
agreement (86) with the ebove equation,

The mechanism of oxidatlon of Ag,0 to Agd is disputed,
but the equilibrium condition is commonly represented by

the equation (83,36)
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48,0 + 2080 —» 2420 + H,0 + 2e 11

Hickling and Taylor (81) suggested that the oxidation of
Agzo to Ag0 occurs via an intermediate step involving Ag203

Species according to the following scheme
Ag,0 + LoH® — Ag203 + 2H,0 + ke III
AgZO + Ag203 — L AgO IV

The high potential is necgssary to form some "AgZOB" nuclei,
This potential requirement for the formatiqn of Ag203
ultimately gives rise to the observed "peak!" in the
' galvanostatic charging potentisl-time transient, This
mechanism is consistent with that suggested by Yost (82) for
the oxidation of Cr(III) by persulphate ion to Cr(VI) in the
presence of Ag(I) as catalyst. However, this mechanism
cannot explain the "iR-drop" in the oscilloscopic open-
circuit decay curve (83).

Jones et al. (84), Dirkse et al. (83) and Cahan et al.
(79) suggested that Ag0 1s directly oxidized to Ag0. The
observed peak or "overshoot" in the galvanostatic transient
has been ascribed by Jones et al. (84) to the difficulty
assocliated with nucleation of Ag0 in the lattice of Ag20
and by Dirkse et al. (83) to the high resistance of the

Ag,0 film, The pesk was regarded by Cahan et 21. (79) as
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being produced by concentratibn of the current into small
localised areas where the conversion of Ag20 to Ag0 could
proceed, Recently Yoshilzawa et al., (88) ascribed the
"peak! to the difficulty in diffusion of Ag’, Ag2* anq 02-
lons through the oxide film.

One group of workers (85,89) proposed that during
oxidation of Ag to its oxides the cubic arrangement of the
Ag atoms or ions is distorted or destroyed due to penetration
of the 02~ 1on into the Ag metal lattice but another group
of workers (90,91) regarded oxidation of silver as taking
place by migration of Ag atoms through the 6xide layer,

‘A third group of workers (92), however, believe that the
oxides are formed at the electrode surface through a
recrystallization process and not through a modification

of the existing Ag lattice. It has been claimed (93) that
the kinetics of oxidation of Ag to its oxides is controlled

by diffusion of 02-

ions across the AgZO-AgO interface,
However, the question of the existence of Ag0 at all is

disputed. The paramagnetisﬁ of Ag0 as measured by Klemm

(94) and Noyes et 2l. (95) supports the existence of

Ag(II1)0 (4d®) with an unpaired electron but the diamegnetic

behaviour observed by Neiding et a1, (96) and by Scatturin

et al. (97), supported by the results of neutron diffraction

analysis (97), suggests that Ag0 is a mixture of Ag(I)
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(Udlo) and Ag(III) (4d8)-oxides. Recently, however,

Gorodetskii (98) and Casey et al. (99) claimed to have

observed a new potential plateau corresponding to the formaticn

of Agzo3 et higher electrode potentials, Wales and Burbank
(92) were, on the other hand, unable to detect any oxide
higher in degree of oxidation than that corresponding to Ag0
even when a prolonged anodic polarization was carried out

at a potential 0.3 V above the reported AgO-Ag203 potential.
Three oxides have been detected in the present work at

low temperatures.

5. NATURE OF THIN OXIDE FILMS ON METALS: THEIR RCLE IN

PASSIVATION AND AS CATHODE MATERIALS (OXIDATION AND

REDUCTION BEHAVIOUR)

The thin film oxlide material on nickel behaves not only
as an interesting oxidation-reduction system but also as a
passivating layer (100) at the interface. Since the latter
aspects of the behaviour of these films is also closely
related to the present work, the origin of passivity will

be briefly discussed.

(a) Anodic Passivetion and the Nature and Role of

Oxide Films in Passivation

Experimentally, passivation is indicated in

galvanostatic current-potential curves by transition régions
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where there is a relatively abrupt change of the current..
potential relation from one Tafel region to another; in
potentiostatic determinations, it is indicated by limiting
currents with reversal of the direction of the current-
potentisl relation.

Although there is a little agreement cencerning
the details of the mechanism of passivation amongst various
schools, the basic reason for passivatioﬁ Is the formation
of oxide film (oxide "skin" (101)) on the metal surface.
Faraday (101) realised the importance of the oxide film
~in relaticn to corrosion and passivation and commented on
the passivity of iron as follows:

"My strong impression is that the surface of

iron is oxidized, or that the superficial particles

of the metal are in such relation to the oxygen of

the electrolyte as to be equivalent to an oxidation,

and that having their affinity for oxygen satisfied

and not being dissolved by the acid.....there is no

renewal of the metallic surface....."
Thus Faraday conceived the critical role of the surface
oxilde in determining the stebility of a metal in a corrosive
environnent. Moreover, he distinguished two possible modes
of interaction between oxygen and the reactive metal surface
(viz. oxidation and an oxygen-metal reletionship equivalent
to surface oxidation),

Recently, important work in the field of metal

dissolution and passivation has also been carried out on the
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reactor metals, viz. U, 2Zr, Ti and their elloys (102-10%).
Leach and co-workers (102-104) observed that the different
sexiconducting properties of the oxides (corrosion products)
influenced the corrosion behaviour in an important way,

They (102) found that in the case of reactor mefals; the
rate of corrosion increases with increasing cathodic
polarization, and is silmply related to the hydrogen activity
at the oxide-electrolyte interface over a wlde range of
potentials, These authors (103) also established that the
corrosion of uranium and ﬁranium-zirconium alloys in alkaline
solutions differs significantly from the cofrosion in acid
solution and this difference in beheviour is ascribed to

the formation of oxides other than UO2 in solutions of

high pH,

Inhibition of metal dissolution is variously
attributed to blocking of active sites (105,106) by
chemlsorbed oxygen specles or by a non-porous monolayer of
oxide (107-110) having good electronic conductivity (54).
Thicker layers are involved in many cases, e.g. at Pb or Fe.

Recently ellipsometric studies have shown (54)
that one of the essential causes of passivation is an
increase in electronic conductivity of the multilayer oxide
at a critical potential and stoichiometry of the film. .In

the case of Ni in sulphuric acid (54), prior to passivation
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a thick (> L5 X),3—dimensiona1,pre-passive oxide layer of
Ni(OH)2 is formed on the metal surface by a dissolution-
precipitation mechanism (111) at = potential distinctly
cathodic to the passivation potential, This film is then
converted to 2 more consolidated semiconducting film at the
passivation potential; The development of electronic
conductivity then prevents further high-field ion transport
occurring through the film and thus further oxidation of the
metal becomes inhibited. 1In another view (112,113) regarding
passivation of nickel, it 13 the conversion of a thick
porous NiO layer to a non-porous N1304 layer ﬁhich is
résponsible for the passivity of the metal (112,113) in
sulphuric acid., Kinetic aspects (114,115) have also been

considered.

(b) BRole of Thin Oxide Films as Bettery Electrode Materials

In usual practice, bulk nickel oxide is used as
the battery cathode material and is impregnated in pores
of thin nickel sinters or plagques or in admixture with
graphite in pockets in a nickel metal structure.

During discharge of bulk material or thick oxide
layers (29), the full theoretical charge cannot usually be
withdrawn. This effect 1s more pronounced at higher
discharge rates and therefore results in a lower avajilable

capacity; On the other hand, if a thin film oxide electrode
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1s used as cathode; the apparent oxidation state for nickel

in the reduced films (after discharge) is observed to be
approximately +2 (e.g. in the present work snd ref. 29)

so that the local isclation of reducible material on discharge |
is avoided. |

With respect to the upper state of oxidation, it

has been observed that the highest apparent valency of

nickel reached, electrochemically, is about 3,7 (29), this
occurringwith film electrodes. The highest states of
oxidation reached when bulk oxide materials were used have
been 3.14 (4,6) and 3.62 (32) in the overchérge region.

From these considerations, it is seen that a larger
quentity of charge can be withdrawn (even at high rates)
from the thin oxide film electrodes then from the thick
layer or the bulk oxide electrodes. Therefore the thin

film oxide can possibly be used as cathode material for

batteries operating under pulsed charge and discharge
conditions (116) where high rate, short duration electrical
fluxes are involved. Furthermore, when the bulk oxide is
used as electrode material, the ohmic overpotential effect
which results from clogging of pores due to increase in
volume of the material after charging, becomes of greater
importance. Also internal concentration polarizastion

effects which may also arise with respect to the two or more
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states of oxidation of Ni[Ni(II), Ni(III), Ni(IV)] in the
bulk oxide material, become comparatively more important
than in the thin film oxide material. Therefore it is
suggested that thin film electrodes may show superior

performance in certain battery applications.

6. AINMS OF THE WORK

Studies on the anodic formation of oxide films at
metallic nickel in alkaline solution are of special interest
in regard to (a) the mechamism of surface oxide formation and
reduqtion in relation to solid state proton .and electron
.transfer reactions; (b) the mechanism of self-passivation;
(c) the examinetion of this electrode as a model for studying
oxygen evolution reaction mechanisms where it 1s believed
that oxygen 1s evolved on surface oxides which may exist
in various oxidation states depending on potential; (d) the
initial stages of development and rearrangement of thin oxide
films on metals., Finally, (e) considerable interest is
attached to the possibility of using thin, electrochemically-

active oxide films at nickel in special battery electrode

configurations where high-rate, pulsed discharge may be required.f

Previous work in this laboratory has been concerned
with the electrochemical behaviour of bulk nickel oxides so
it was considered desirable fo examine in some detail the
properties of thin film oxides under somewhat similar
conditions. Metallic nickel electrodes were therefore

studied in the following ways:
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(a) thin oxide films were formed and studied by
a potentiostatic step charging method. The theory of the
method is based on the treatment of Gerischer and Mehl (117)
for steady-state kinetic processes but is developed here for
examining the change of coverage by adsorbed species on the é
electrode in relation to the rate of overall rezction
involving such species, e.g. as in the 0.€.Te 2% Ni. The
results obtained by this method were compared with those
obtained by the galvanostetic discharging end the potentio-
dynamic (triangular wave) Sweep methods., |

(b) the degrees of surface oxidation iﬁ the steady-
‘state (i.e. stoichiometries and "activeioxygen" contents

of thin oxide films)were determined. A suitable method

for reductive stripping of the oxide in the thin film from
metal surface was developed.

(c) The possibility of using the thin film oxide as a

battery material was investigated.

(d) the mechanism and kinetics of oxygen evolution
at the oxldized nickel electrode surface were studied by a
potentiostatic steady-state method. Here the influence
of addition of Lit ion to the electrolyte was observed.
Self-inhibition effects were observed and are treated

theoretically in terms of surface coverage and a passivation

mechanism,
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It was felt that it would be of interest to compare
the electrochemical behaviour of the nickel oxide electrode
with that of the silver oxide electrode.

Hysteresis between potential ranges for oxidation
and reduction (i.e. charge and dischgrge) processes at many
metal electrode surfaces (viz. Pt; Ir, Rh, Ni, Ag etc.) are
commonly observed: hence the occurrence and origin of this
type of phenomenon at Ni and Ag metal electrodes as models
were investigated in some detail; a treatment in terms of a

two-dimensional irreversible phase transition is given.



CHAPTER II

e

EXPERIMENTAL

1. INTRODUCTION

In general, the formation, nature and role of thin
oxide films on metal surfaces must be studied complementarily
by a number of related but independent methods, However,
the interpretation of Tresults obtained by different methods
sometimes becomes complicated since the behaviour of the
electrode is usually sensitive to experimental conditions
and its pre-history. The .particular electrochemical behaviour
when studied by different methods must therefore be investigated
as far as possible under ldentical conditions. The following
three classes of approach may be employed: (a) electrochemical,
(b) analytical and (c) optical, and in the present work the
first two have been used.

Optical methods employ the principles of (i) interference
end diffraction; (11) light absorption or (1ii) ellipsometry
(polarization and refraction).

In the present work, the formation of thin films of
nickel oxide was studied by a non-steady state potentiostatic
step charging procedure (117), the experimental and mathematiceal
bases for which were in part developed in the present work.,

The results obtained with this method have been compared

with those obtained by the non-steady-state potentiodynamic
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"triangular" voltage sweep method (118,119) and the
galvanostatic discharge method (eof. ref. 120),

The stolchiometry of the thin film oxide was determined
by a combined electrocheuical ang analytical procedure, g
An analytical method based on chemical reductive stripping
of the oxide from the metal surface was developed and its

reliability Investigated.

The kinetics of oXygen evolution on the thin film oxide
surfaces were studied by potentiostatic steady~state
measurements., The latter method was preferred to the galvano-
static procedure because potentiostaticallyhthe detailed

‘structure of any transition reglon can be discerned in a

wey which is not accessible under galvanostatic conditions
due to instability of potential in regions of reversal of | i
direction of the current-voltage relation (passivation) or
in regions wvhere limiting currents arise.

The measured electrode potential was corrected for any |
ohmic overpotential (iR) contributions where necessary by
&n open-circuit e.m.f. decay'technique.

In the present chapter, the above experimental procedures
will be described in some detail but first a general account
of the essential experimental technique for preparation and
purification of electrolyte solutions, preparation of

electrodes, purification of gases, control of temperature,
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etc. will be given,

2. SOLUTIONS:

(a) Preparation of Potassium Hydroxide Solutions

(Standard method)

The electrolyte solutions used in the experiments
were made up from potassium hydroxide at various concentrations,
The sblutions were prepared by dissolving Baker enalytical
grade* potassium hydroxide in triply distilled water,
distilled directly on to the caustic pectash erystale in a
calibrated dilution flask which was connected with a line
from which purified nitrogen could be drawn; connections
were also provided to the experimental cell. The solution .
was made homogeneous by bubdbling purified nitrogen gas
and was then transferred to the previously cleaned experimental
cell (Fig. 3) under pressure of the nitrogen. The solution
was never open to atmospheric contamination,

The triply distilled water was made by redistilling
"once distilled" water distiiled from alkaline permanganate

in a still provided with three spray traps, This "second

*Since impurities are sometimes of importance in electro-
chemlcal processes the assay of this material is recorded
below:

"Baker analyzed" reagent meeting A.C.S, specification:
Nickel 0.0003%; sodium 0.03%; Potassium carbonate 0.3%;
chloride 0,005%; nitrogen compound 0,0005%; phosphate
0.0002%; sulphate 0.001%; heavy metals 0.0004%; iron
0.0002%.




Figure 1. Schematic diagram of the XOH crystallizing bath
for high purification. '
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distilled" water was then refluxed in 2 stream of the
purified nitrogen (the procedure for nitrogen purification

1s described below) for at least 0.5 hr. in a small glass
distillation unit in order to degass it and then "redistilled®
for the second time on to the potassium hydroxide crystals

in the dilution flask,

(b) High Purification Technique for Potassium Hydroxide

Baker analytical grade potassium hydroxide was
initlally reerystallized (cf, ref. 121) at -40°C from a 10 M
ag. solution in triply distilled water in an all-glass
vessel provided with a sintered glass plug (Fig. 1) for
filtering off KOH crystals from the solution in the absence
of air (002). When an appreciable quantity of the potassium
hydroxide hydrate crystals had been brecipitated out at the
low temperature, the mother liguor containing any trace
impurities was forced out through the sintered disec under
Pressure of the purified dry nitrogen. Doubly distilled
water was then distilled a third time and transferred from
the reservoir flask onto the crystals to form the desired
electrolyte solution which was subsequently forced over into
the previously cleaned experimental cell; The strong KOH
solutions were kept for the shortest time in contact with

glass in order to minimize dissolution of silicate ions.



- 66 -

(c) Potassium Hydroxide-Lithium Hydroxide Solutions

In certain experiments solutions containing Li+
were required, These were brepared as follows, The
requlired amount of A.C.S. grade potassium hydroxide was
taken in the dilution flask and the solution was made up
in the way described under (a) above, The solution was
standardised and then the required amount of A;C.S; grade
lithium hydroxide wes added and the solution made homogeneous
by bubbling purified nitrogen.

(d) Standardisation of Solutions

The concentrations of the electrolyte solutions
were determined by standardisation against hydrochloric
acld solution of known strength using an indicator;
standardizations were carried out both befere as well as
after the runs.

(e) Purification of the Electrolyte by Pre-electrolysis

The electrolyte solutions thus prepared may still
have contained traces of dissolved impurities. Since the
behaviour of electrodes is often sensitive to even traces
of electrodepositable or adsorbable impurities (122,131,152),
the electrolyte in the cell was always further purified by
prolonged anodic pre-electrolysis (131) (ca. 24 hrs.,) before
experimental runs, using a large sacrificial platinum or

nickel electrode maintained in the working compartment, and
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operating at a current density of approximately 20 ma, cm'2.
This electrode was withdrawn from the solution before the
experimental test measurements were commenced,

In a few experiments, where investigations by the
steady~state potentiostatic technique was carried out below
the oxygen evolution region (< l.23 V, ¥s HZ/H+) the
electrolyte was subjected first to prolonged potentiostatic N
cathodic pre-eclectrolysis prior to the runs, following
galvanostatic anodic pre-electrolysis (above). A separate
sacrificlal large platinum-electrode was used to remove
dissolved oxygen, and its potential was so adjusted that
no hydrogen was evolved,

During pre-electrolysis, purified nitrogen was
continuously bubbled around the electrodes in order to
facilitate diffusion of Impurity ions to the electrode;

i1t also carried off any evolved gas.

3.  ELECTRODES

(a) Working Electrodes

(1) Nickel: Electrodes were prepared from
spectroscopic grade, polycrystalline nickel wire of diameter
0.254 mm. supplied by Johnson Matthey and Mallory Co., The
wire was first degreased by keeping it under reflux in

benzene and benzene vapour for 24 hrs. A piece of wire -




Figure 2.

Schematic diagram of

train,

the electrode anneal ing
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2 cm. in length was then annealed for 1 hr. in a quartz-tube
furnace maintained at 600°C in a stream of dry purified
hydrogen. At the other end of the furance tube was sealed
a clean and dry glass tube in which a thin walled bulb had
been previously blown. After annealing, the wire was
sealed into the tube in a dry hydrogen atmosphere with about
one‘cm. length of the wire projecting into the bulbd, The
buldb was then sealed at the other end, and connected to a
sliding giass tube as described previously elsewhere (124),
Some of the nickel electroaes were annealed 1n vacuum

6 mn. Hg) at 600°C in the quartz-tube furnace for

(ca. 10~
1 hr, In this case, when the furnace was cold, the electrode
wire was pushed into the furnace tube, the thin bulb was
sealed and then the whole system was flushed with dry
purified H2 for 15 mins, to drive out air; finally, after
sealing the farther end of the bulb and closing the hydrogen
line, the whole system was slowly opened to the high vacuum
line and annealing was commenqed (Fige 2). Finally, after
Vacuum annealing, the wire was sealed in the buldb as

described above, Two liquid alr traps were provided before
the quartz-tube furnace in order to remove any condensible
impurities that might otherwise contaminate the wire,

Nickel electrodes prepared under these controlled

conditions gave satisfactory and very reproducible kinetic
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Tresults which, over certain ranges of potential, were
virtually superimposable from one run to another, The
behaviour of electrodes prepared in the above two ways was
also almost identical in the OXygen evolution region.

Several electrodes were annealed for 0.5 hr, at
600°¢ in a stream of carbon dioxide-~free oxygen, for
comparison, The results obtained with these electrodes were,
however, not so repr&ducible.

Chromic acid cleaning of the electrode (123) was
not considered desirable, owing to a possible pre~passivating
effect of adsorbed chremate ions (25,26). In some measurements,
fhe electrodes were, however, pre-conditioned electrochemically
as described in later sections,

The annealing temperature was measured by means
of a chromel-alumel thermocouple* covered by high temperature
fibre glass (Type: HGHG 22-CT). The e.n.f. and hence the
temperature was measured on a Pyrometer (Fischer Scientific
Co., model 32-J) (external resistance = 0.5 ohm.) which was
recalibrated against a standardized Honeywell Potentiometer

(model No. 2704).

*Accuracy quoted: 4OF  from 0 -+ 530°F

1+

+ g% from 530 — 2300°F,
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The residual pressure associated with the vacuum
was measured by a Phillips ionization gauge,

(11) Silver: In the comparative work on silver
electrodes, first a piece of Spectroscopic grade silver wire
of 0.254% mm, diameter and 1 cm., in length was cut and fused,
end-to-end, with a 0.5 em. long platinum wire (of the same
diameter) in a blowpipe flame. The electrode was then
degreased in the manner described above and sealed in a thin
glass bulb in a stream of purified hydrogen after annealing
the electrode for 1 hr. at'600°C in dry purified hydrogen in
the manner described above (3(a), (1)). Spécial care was
taken 1in completing the metal-to-glass seal to avoid any
"leak" and also to avoid melting the silver; these were
common troubles in the initial stages of working with silver.

In praqtice, the platinum wire was directly
sealed in the glass up to the platinun-silver Joint and then
the joint was covered further by glass down the silver wire
over a short distance. This'method was satisfactory for
obtaining leak-proof seals with silver (cf. ref, 124).

The platinum end was ﬁsed for electrical contact,

The direct sealing of silver wire in pyrex
glass i1s not possible owing to the proximity of the melting
points of silver and pyrex glass and because of the different

coefficients of thermal expansion, The use of lead glass
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for sealing silver was not considered desirable owing to
the probable dissolution of lead from the glass inalkaline
solution.

In all cases, the electrodes thus prepared
in the bulbs were then sealed to ground-glass sliding tubes
bent at an zngle near the bulb in a way convenlent for adjusting
~the position of the electrode to optimum proximity to the
"Luggin" capillery communicating with the reference electrede,

(b) Reference Eleétrqde

The potentials of the working electrodes were
measured against a mercury-mercuric oxide reference
electrode prepared in the same solution as that used for the
experimental run, The reference electrode compartment was
separated by a grease~free, solution-sealed, closed stop-
cock which inhibited any diffusion of traces ng+ ions into
the working electrode compartment. The concentration of

2+ is in any case very low. The reference electrode was

Hg
freshly prepared for each set' of ruus from purified redistilled
mercury and the yellow allotropic form (3) of mercuric oxide

(A.C.S. grade). The reference electrode may be represented as

(Pt) Hg/HgO, KOH (aq.).

Platinum wire is used only for electrical contact and special

care must be taken to ensure that it does not, under any
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circumstences, come in contact with the electrolyte
otherwise an incorrect reference potential would, of course,
be obtained. This electrode is uniguely the most well-
behaved of all the oxide electrodes.

The E° value of this electrode measured against the
reversible hydrogen electrode was found by Ming Chow (125)>
to be extremely reproducible with a value of 0.92640 +
0.00006 V at 25°C and 0.9268 V by Mujamoto (126). Lewis
end Bardall (127) recalculated the value of E® at 250 using
data of Brgnsted and obtained 0.9265 V. Taking the mean
of all the results corrected to zero concentration, Hemer
end Craig (128) obtained E° at 25°C equal to 0.92581 +
0.,00036 V with a temperature coefficient at 25° of
-0.0002878 V.°C'1. This is In excellent agreement with
the value of 0.92575 V calculated from critically selected
thermodynamic data by Latimer (129).

For the purpose of electrode kinetic work where
reproducibility of overpotential values rarely exceeds 5 mV,
the behaviour of this electrode is more than adequate,

In order to specify electrode potentials with
reference to the potential of the reversible hydrogen electrode,
0.926 V must be added to the electrode potentials reported
(Stockholm convention) with reference to the mercury-mercuric

oxide (Hg/HgO) electrode in this thesis. Unless otherwise
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mentioned, all the potential values quoted in this thesis

are reported with reference to the Hg/Hg0 electrode in the
same experimental solution,

The advantages of using this electrode are that

(i) no speclal precautions except those needed to secure
components of reasonable purity are necessary for setting

t up: cadmium and tin are, for example, harmful contaminants
in mercury (174); and (ii) no disturbing effects can arise
due to the presence of other valence states of the oxide
because mercurous oxide does not exist (130). A dissdvantage,
however, is that this electrode cannot, of éourse, be used
in acidic solutions. For such cases the Hg/ngsou or
Hg/Hg2C12 half-cells are satisfactory.

(c) Counter or Auxiliary Electrode

A platinum gauze or sometimes g platinum-rhodium
gauze containing 954 of platinum and having very large

surface area was used as the counter electrode,

4.  GASES
(a) Nitrogen
During pre-electrolysis and also during the
experimental runs, purified nitrogen was bubbled near the
working electrode and also near the counter electrode in the

cell,
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Nitrogen gas was purified (cf. refs. 131,132) by
passage through dehydrating agents, a Linde molecular sieve
material, magnesium perchlorate-calcium chloride mixture
and then through a furnace containing copper turnings maintained
at a temperature of about 350°C for removal of oxygen and
then through traps cooled in liquid air, through glass wool
filters and finally by bubbling through a presaturator
containing the seme electrolyte (KOH solution) as that in
the experimental cell., Presaturators were used to avoid
change of composition of the electrolyte during prolonged
~runs. The KOH alsc absorbed residual traces of Co,, if
any, present in the stream of nitrogen gas.

When the copper turnings in the nitrogen purification
furnace became oxlidised after prolonged use, they were
regenerated by passing a stream of hydrogen gas, instead of
nitrogen, through the tube while the furnace was still
maintained at about 350°C. During this procedure, the
experimental cell was disconnected.

(b) Oxygen

In the runs where the steady-state kinetics of
anodic oxygen evolution on the electrode surface were of the
main interest, purified oxygen gas was bubbled around the
working electrode in the cell instead of nitrogen. In

principle, there was no difference in behaviour of the




Flgure 3. Photograph of the experimental cell.
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electrode with respect to oxygen evolution kinetics between
that when oxygen or that when nitrogen was bubbled,

Bourgault (3) observed that special purification
of oxygen was not necessary and that oxygen gas could be
used directly from the cylinder. In the present experiments,
however, the oxygen gas used wes freed from 002 by passage
through a series of CO2 absorbers, viz. soda lime, pellets
or crystals of KOH and then finally through the pre-saturators
mentioned above,

(¢) Hydrogen

Purified hydrogen gas was used for annealing the
electrode as described previously under 3(a), (1). The
hydrogen purification train consisted of the same stages
with the same materials as those in the nitrogen purification
train, except that the former did not have any pre-saturator,
A furnace tube of palladized asbestos operating at 400°C was

provided for catalytic removal of any traces of oxygen,

5. CELL
A three-compartment pyrex glass cell (Fig., 3) of the
type described previously (132) was used. The middle
compartment containing six working electrodes was provided
with a glass coil through which fluid could be circulated

from a thermostat for maintaining the electrolyte at any




- 76 -

temperature from ca. 5 to 90°c, The temperature was read
from 2 built-in thermometer situated near the Luggin capillary.
For low temperature studies (down to -30°C) a similar three
compartment celi but smaller in size, which could be placed

in a Dewar flask (9" - 12" diam.) was used. In this case

only one electrode could be used at a time.

6. CLEANING OF GLASSWARE

The cell and electrode bulbs were cleaned first with
chromic-sulphuric acid mixture followed by rigorous washing
- with tap water and then distilled water. Finally, the
cell and the electrodes were washed several times with
doubly-distilled water and soaked in doubly-distilled water
for 24 hrs., washed once or twice again with doubly-distilled
water and then finally with triply-distilled water. Very
rigorous washing was carried out to remove any adsorbed

chromate ion which might have remained on the glass surface.

7. TEMPERATURE CONTROL

(a) Temperatures above Room Temperature

For electrochemical studies at and above room
temperature (viz., up to 90°C), a heating fluid from a
thermostat was circulated through the glass heat exchanger

coil built into the cell. The temperature of the thermostatic
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bath was controlled to + 0.1°C by a mercury thermoregulator,

(b) Low Temperatures

For studies at temperatures down to -30°C, a
small three-compartment cell which could be placed inside
a 12" diameter Dewar flask, was ucsed. The cell containing
the electrodes and electrolyte solution was Placed in the
Dewar and a cooling mixture was then poured in the flask,
The level of the electrolyte in the cell was kept below that
of the cooling mixture. . The gas which was bubbled through
the electrolyte solution, ensured uniformity of temperature
throughout the electrolyte solution and minimization of
concentration gradients. At least 15 mins. or more
(depending on the temperature difference) were allowed for
thermal equilibration with the bath.

Cooling mixtures for different temperatures were
prepared from various mixtures of dry ice and acetone,
The temperature could be regulated to within + 0.5°C by

adding more dry ice as necessary,

8. INSTRUMENTATION AND TECHNIQUE

(a) Instruments

Potentials were controlled by a Wenking short
rise-time potentiostat and measured on a Radiometer pH-mV

meter (Model PHM Le¢). In the programmed potentiodynamic
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and potential step operations, the necessary signal-
function was fed to the reference input of the potentiostzat,
In other cases, the reference input was shorted so that the
working electrode could be made anodic orcathodic with
Tespect to the counter electrode. Linear sweep potentio-
dynamic measurements were made using a "Servomex" function
generator Type L.F, 141 for single and repetitive sweeps,
For potentiostatic step charging, a manual step=-function
switching arrangement was used, For a source of constant
current a conventional divided ;esistance arrangement was

. made, A 90-120 V, D.C. Power supply (Model 22-110,
Dressen-Barnes Corp.) with excellent voltage stability
characteristics was used as the soﬁrce of power,

The steady-state currents were measured on a
"Sensitive Research” millismmeter (Model. S) connected in
serles with the counter electrode. A Keithley Electrometer
(Model 600 A) was also sometimes used, particularly for
measuring very small currents. Transient currents in
potentiodynamic and potential step experiments were measured
by leading the current thrbugh an accurately known resistance
R and then recording the resulting potential difference
(E = 1R) created across the resistance on an oscilloscope

or a Moseley high impedance X-Y recorder (Model 2D-2AM).




Figure 4, View of the experimental set-up showing various

apparatus,
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Figure 5.

View of the experimental set-up showing the

cell and other glass apparatus.







Figure 6. Schematic circuit diagram for steady-state

potentiostatic anodic polarisation,
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All transients (viz, potential-time, current-
potential or current-time) arising from galvanostatic;
open-circuit e.m.f. decay, potentiodynamic sweep or
potentiostatic step charging methods were photographed from
& Tektronix dual-beam oscilloscope (Type 502) using a 35 mm
reflex camera or were recorded on the Moseley X-Y recorder.
For comparatively slow transients (< 0.25 V.sec-l), the X-Y
recorder was usually used. The electrode potential signal
was passed through a Tek?ronix type "0" operationsl amplifier
before feeding it to the oscilloscope or the recorder.

The type "O" operational amplifier provided both a
differentiating and a high input impedance (cathode follower)
stage. The overall view of the experimental apparatus is.
shown in Figs. 4 and 5,

(b) Electrochemical Procedures

(1) Potentiostatic Steady-state Kinetic Measurements:

The circuit shown in Fig. 6 was used for potentiostatic
polarization of the electrode. In the experimental
arrangement, the working electrode which was grounded, was

made the anode with respect to the counter electrode by

shorting the reference input of the potentlostat appropriately.

In several runs, when it was required that the working
electrode be polarized cathodically with respect to the

Hg/HgO reference electrode, a Weston standard cell was
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interposed between the reference electrode and the reference
terminal of the potentiostat to provide an opposing bias
voltage,

Steady-state potentiostatic polarization runs
were conducted using a fresh electrcde for every run.
Polarization was commenced just after breaking the bulb
under the solution by means of a glass probe and placing
the electrode as close as possible to the "Luggin capillary",
During polarization, purified and pre~-saturated nitrogen
gas was bubbled around the working and the counter electrodes.
Each current measurement was taken one minute after the
potential had been set on the potenticstat, Point by
point delineation of the log[i]-v relation for all
conditions was made first in the direction of ascending
(more anodic) potentials and then in the descending direction
at intervals of 0,02-0,04 V, Although these conditions do
not represent an absolutely steady-state behaviour, (due to
long time effects), the anodic currents measured were almost

steady. Under these "standardised" conditions, the nature

of the 1og[1]-V relation is found to be adequately representative

of the steédy-state behaviour and indeed the reproducibility
of the results from one electrode to another, and from one
solution to another of the same concentration, was found to

be excellent.




Figure 7.

Schematic circuit diagram for studying open-

circuit decay of e.m.f.
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(11) Correction of Measured Potential for iR drop

(Ohmic Overpotential, AsVR): In the steady-

state kinetic runs, the electrode was polarised potentio~
statically into the region of current density where ohmic
potential drops between the electrode and the Luggin capillary
could be significant. Moreover, curves which appeared to
exhibit "inhibition" behaviour, an effect that night in fact
have arisen from iR error, were being investigated so that

it was of some importance to establish the magnitude of any

iR effects at high anodic'currents. "iR" corrections were

therefore made in &ll the high c¢.d, measurements by observing

“the virtually instantaneous initial drop of potential

AVR when the electrode was put on open~circuit decay,
The open-circuit decay transient was photographed on an
oscilloscope by running the time base fast ( < 0.1 msec. cm'l)
and applying the electrode p.d. through a high input impedance
stage with small rise-time (Tektronix type "O" operational
amplifier in cathode follower configuration)., A;VR was
determined from the picture after appropriate enlargement,
The.conventioﬁal circuit diagram for open-
clrcult decay measurements is shown in Fig. 7. The
electrode was first polarized potentiostatically to a
potential V and then by operating a fast miero-switch

the electrode was put on open-circuit and the e.m,f, decay
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recorded., In this arrangement, the reference electrode
was also disconnected by the relay system at the same
moment that the working electrode was put on open-circuit,

(11i) Potentiostatic Step Charging Technique: The

potentiostatic step charging methoq is similar, in principle,
to Eigen's (133) relaxation methods developed by him for
kinetic studies of very fast reactions. In this method,
if a single step equilibrium is disturbed by chahging an
external parameter (viz. temperature, pressure or electrical
field intensity) which influences the equilibrium of the

System, the new equilibrium state will be reached at a rate

'characterised by the relaxation time T’(Langevin time).,

The constraint applied may be changed (A) periodically
( harmonic oscillation), (B) in a single impulse having some
characteristic form, e.g. a linear sweep, or (C) inva
rectangular step. Various applications of these principles
have been used in electrochemistry (117,134-140) including
studies of the kinetics of surface oxidation of Pt (137).

In the present work, the experimental and
theoretical bases for the potentlostatic step charging

method for calculation of the adsorption pseudo-capacitance

of an electrode have been further developed. The theoretical

pPrinciples will be discussed in Chapter IV,

For potentiostatic (rectangular) step charging,




Figure 8, Programme for pre~conditioning of the electrode

prior to potentiostatic step charging, with

following steps and reduction trensient shown,
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Figure 9. Manual step-function switching circuit using two

Honeywell slide-wire potentiometers,
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freshly annealed metallic nickel electrodes (prepared as
described under section 3(a), (1) of this Chapter) as well
as electrochemically pre-conditioned electrodes were used.
With fresh electrodes; potentiostatic step charging was
commenced just after breaking the bulb under the solution
and placing the electrode close to the Luggin capillary,
In other cases, the electrodes were pretreated electro-
chemically according to the conditioning programme shown in
Fig. 8. Nitrogen was bqbbled around the electrodes.

The principle of the potentiostatic
(rectangular) step charging method* is illustrated in Fig. 9.
The electrode is polarised to a certain potential V1 by
switching on the potentiometer Pl‘ When a steady-state
condition is reached, the potentiometer P2 with a preset
higher value of potential V2 is switched in, replacing Pl
and its potential Vl’ Ehrough a fast acting mercury vacuum
relay; the resulting oscilloscopic current-time transient
1s recorded photographically; In the meantine, anothér
higher potential V3 is set on Pl and is then switched 1in,
replacing the previous potential on P2. This process is continued

*It 1s analogous electrochemically to the temperature jump
method employed in kinetics of fast homogeneous reactions,
A relaxation current flows in Tesponse to the step in the
intensive variable, potential.




Figure 10, Circuit diagram for the potentiostatic (rectangular)

step function (manually operated).
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Figure 1l. Schematic circuit diagram for potentiostatic step
charging technique (including the additional
circult for galvanostatic discharging transients

following potentiostatic step polarisation).
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until the electrode is polarised up to the highest potential
under study in a "staircase" mamner of potential increase,
All potential increments are applied for controlled measured
times, The current-time transients for all the steps can
be recorded photographically and the steady-state currents
at all potentials can also be measured on a "Sensitive
Research" milliammeter connected in series with the counter
electrode,

In the present experiments, the electrode
was polarised in steps using the circuits shown in Figs, 10
and 11. At the bottom step, all switches S'l to S'11
(Fig. 10) were in the off position {(i.e., open) and the
"Bank Switch" (Fig. 10) was set in position 1 and the
potentioneter of the potentliostat was ét the zero position.
By operating the switch S84 (Fig. 11), the terminals across
S'1 (see Fig. 10) were shorted through the relay switch via

the Bank switch and hence the output voltage across the

step-function generator was. higher and thus the input voltage,

externally fed to the potentiostat, was raised to a higher

value, Since the shorting was achieved momentarily through

the fast acting mercury relay, the potential of the polarised

working electrode was also raised virtually instantaneously,
The current-time transient was photographed from the

oscilloscope, Keeping the relay switch closed, switch S’1
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was then closed and the relay switch was then re-opened,
with the electrode potential remaining constant, The
"Bank Switch" was then shifted to position 2 and again, by
operating Sl’ the potential of the electrode was raised in
a rectangular step and the current-time transient was
recorded, as above. By carrying out similar repetitive
operations, the working electrode was polarised in potentio-
statically controlled steps from the lowest potential to
approximately 0.9 V with respect to the Hg/HgO reference
electrode. The values of potential at each step and the
corresponding steady currents were also recﬁrded.

The charge and hence change of degree of
surface oxidation at the electrode interface was calculated'
for each potential step from the respective experimental
current-time transients in the manner described in Chepter IV,

In order to achieve the best accuracy in
the integration of areas under the curves, photegraphs were
taken on 35 mm. negatives and traced on metric graph paper
at an enlargment of about elight times.

(1v) Potentiodynamic Repetitive end Single Sweep

Experiments: The potentiodynamic linear

sweep method was originally employed by Sevéik (141) end
later used by Delahay and Perkins (142) for diffusion

controlled processes. This method has been extenslvely




Figure 12, Schematic circuit diagram for the potentiodynamic

triangular (linear)sweep method.
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used by Will and Knorr (118) and Breiter (25,26,119) for
studying both diffusion and activation controlled processes,
The circuitry (Pig. 12) used for potentio-
dynamic sweep measurement is a modification of the one used
for the steady-state measurements (cf. Fig, 6). Here the
desired programmed reference signal (viz,. triangular;
sinusoidal; rectangular etc.) drawn from the output of a
"Servomex" wave function generator is fed to the reference
input (control) of the potentiostat. The potential of the
working electrode (vs. the reference electrode potential)
then varies according to the selected programmed signal
and is fed through a high impedance amplifier étage to the
X-axis input of the oscilloscope or the X-Y recorder.
Therefore, the X-axis is driven externally by the operation
of the function generator. A celibrated decade resistance
Rl 1s connected in series with the counter electrode,
When current passes through the cell, = potential difference
1s developed across this resistor, This potential difference
is then fed to the Y-axis input of the oscilloscope (to
the A and B inputs) or the recorder (signal not grounded)
on which it is displayed as a function of time (or potential).
Thus the transient current 1(t) passing through the cell
at a given moment arising from the programmed change of

electrode potential is measured as a potential difference
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AV(t) (Av(t) = i(t)'Rl) developed across the resistor.

Any noise in the Y-axis signal is suppressed by using an input
filter (Hewlett Packard Model 17106 A) and any auto~oscillation
1s damped by a resistance R2 in series with the counter
electrode, The shape of the current-time (or potential)
transient depends on the nature of the potential programue
and on the electrochemical behaviour of the process under
investigation, A satisfactory display of the current is
obtained by suitably selecting the value of the resistance
Rl for an appropriate sensitivity of the Y-axis of the
oscilloscope or the recorder. A minimum value of the
resistance Rl with the maximum sensitivity of the Y-axis is
preferred, For optimum results, the working electrode, the
operational amplifier and the oscilloscope are grounded.

The range of potential (amplitude) over which
the electrochemical process is to be investigated is ad justed
by appropriate settings on the potentiostat and the function
generator, During setting, the extreme end potentials of
the wave are first roughly read on the meter on the potentio-
stat, The final adjustment of the potential range is,

however, always made by taking readings on the potentiometer,

In the present potentiodynamic charging and
discharging experiments on nickel and silver, a symmetrical

triangular wave-form was used, The current-time (or

current-voltage) transients were recorded on the X-Y recorder
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for slow sweep rates and on the oscilloscope for faster
sweeps. Single pulse, single cycle and repetitive cycles
could be used.

The oxide fermation and reduction peak
potentials were investigated on nickel and silver as a
function of sweep rate over a constant range of potential.
The surface oxidation and reduction processes were also
investigated as a funciion of the range of potential
scanned, starting from a fixed cathodic potential at a
constant sweep rate. '

(v) Gelvanostatic Charging or Discharging Procedure:

‘In the galvanostatic charging method (various procedures are
reported in refs., 143-147), a pulse of constant anodic
current is instantaneously imposed on the electrode under
investigation whereas in the galvanostatic discharge technique,
the electrode is first polarised anodically to a steady-state
with a potentiostat and then a constant cathodic current is
superimposed instantaneously after switching off the anodic
current in order to force the reverse of the charging reaction
to occur, In both cases the time dependence of the potential
is followed on a recording instrument. In these experiments,
Nz gas was at all times bubbled around the electrodes.

In the present work, the charge for electro-~

chemical reduction of the surface oxide on the nickel




Figure 13, Schematic circuit diagram for the galvanostatic

discharge method.
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Figure 14, Schematic electrochemical pre-treatment programne

(galvanostatic).
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electrode was determined by tﬁe fast differential galvano-
static discharge method of Kozlowska and Conway (120).

The circuit used in this method is shoun in Fig, 13. In
the unenergised condition of the mercury relay, the galvano-
static circuit through the relay is open whereas the anodic
polarizing circuit of the potentiostat is closed, When the
microswitch is closed, the mercury relay switch is energised
causing the galvanostatic circuit to be closed and the
potentiostatic circuit to be opened simultaneously. A reversed
current is then imposed on thg working electrode causing the
reverse reaction to commence at the electrode, A single
milliammeter could be used for measuring both the anodic and
the cathodic currents by changing the polarity with a
commutator switch.

In this part of the work, the electrode was
potentiostatically polarised first to 0.5 V for 1 min. to
form an oxide. Then to obtain a clean metal surface this
oxide was reduced in a cathodic galvanostatic pulse and the

following stage of reduction by.hydrogen, and the clean

4

electrode was again polarised potentiostatically for a controlled;

time (2 min.) to the experimental potential (VE) from

which the oxide reduction charge was to be determined

(Fig. 14); the potentiostatic polarising circuit was then
opened by pressing the microswitch and a constant-current
reduction pulse (0.5 - 1 a, cm'z) was applied simultaneously,

The direct galvanostatic potential Vs time transient and



Figure 15. Circuit diagram for suppression of noise in the
differential of the discharge transient,
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its electronically differentiated form were recorded on a
dual -beam oscilloscope. From the "transition time" (i.e.
the time interval between the occurrence of the differential
peaks for double;layer charging and for complete reduction
of oxide) and the known magnitude of the constant cathodic
current, the charge associated with oxide reduction could

be calculated.

Under certaln conditions, the differentiated
signal becomes noisy. In this case (Fig. 15) 2 nolse
suppression capacitor may be blaced In the feedback circuit
or a resistor (0 - 10 kohm) in the input circuit to limit
the high-frequency response above the signal frequency.

(vi) Determination of Loss of Charge on Open-

Circuit E.m.f. Decay: It is well known that

the charged nickel oxide electrode suffers an internal loss

of electrochemically aétive material when it is left standing
in alkaline solution on open-circuit. In order to investigate
this behaviour further, experiments were performed in which
the electrode was polarized potentiostatically to a certain
potential for a definite period of time, after the usual
pre-conditioning programme; the electrode was then kept on
open~circuit for various controlled periods of time (T’D);
after the lapse of which, a fast galvanostatic cathodic pulse

was automatically applied. The potential-~time transients



Figure 16, Circuit diagram of the time-delay-relay

(Jo. Wojtowicz and B.E, Conway) .
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Figure 17. Schematic circuit dfagram for galvanostatic

discharge with prior open-circuit decay of e.m,f.

for controlled time,
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with their differential coefficients were Photographned.,
The oxide reduction charge passed in the cathodic pulse was
determined as above (under 8(b), (v)) and hence the emounts
of electrochemically reducible materiel remaining after
various T’D were deduced. Both the length of the period
fr’D and the moment of application of the galvanostatic
cathodic pulse after the time qu were regulated electronically
by a "time delay relay", the circuit of which is shown in
Fig. 16. The general experimental circuit which is shown
in Fig. 17 is in fact a modification of the one used for the
galvanostatic discharge measurements (cf. Fig. 13).

‘ Purified N2 gas was bubbled around the working
and the counter electrodes during all these experiments.,

(vii) Potentiostatic Step Charging Procedure with

Following Galvanostatic Discharge: The

results from the step bharging method were compared with
those from the fast galvanostatic reduction method. After
the electrode had been polariseq in steps up to the highest
potential, the total charge associated with (electrochemically
reducible) oxide species at the electrode was also estimated
by a single fast galvanostatic reduction transient. The
essential principle is shown schematiéally in Fig. 8.

The dlagram of the circuit used in this

experiment is shown in Fig. 11. By keeping the switch
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82 "closed" and 83 "open", the electrode could be charged
potentiostatically in steps in the manner described in
section 8 (b), (iii) of this chapter. After stepwise
polarization up to the highest potential, the switch "SZ"
was qpened and "83" was closed and then by operating "Sl",
the galvanostatic cathodic reduction pulse was imposed
simultaneously with the opening of the potentiostatic
polarizing circuit. The current-time transient was
recorded on one channel and the galvanostatic potential-
time transient on the second channel of the oscilloscope.,

(viiy) Kinetics of Growth of Nickel Oxide: 1In

this part of the work, the electrode was first electro-
chemically pre-conditioned according to the scheme shown

in Fig. 14, and then kept potentiostatically at the experimental
potential VE for a controlled period of time, t. At the

end of this period, a fast galvanostatic cathodic pulse was
applied as described ebove (secti;n 8(b), (v)) in order to
determine the charge required for reduction of the active mon

in the oxide film. Amounts of oxide fcrmed at constant

potential for various lengths of time could hence be determined.

9. ANALYTICAL PROCEDURE

(a) Search for a Suitable Method

For determining the stoichiometry of nickel oxide
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in the form of thin Tilms at the metal electrode surface,
methods were sought which would give a complete and rapid
stripping of the oxide film without appreciable continuing
attack of the metal. Two reagents were employed in
separate types of experiment: aqg. KCN‘for complexation of
the Ni (148); aq. N,H, for reduction of the oxide and
complexation of the Ni. The latter reagent was employed
first' in a chemical method for determination of the "active"
oxygen, Dimethylglyoxime was also investigated as a
reagent for the Ni determination. The quantities of Ni
were, however, too small for gravimetric deterﬁinations to
be'satisfactory and the colorimetric procedure with this
reagent is less accurate than that using KCN to form the
[Ni(CN)ujz" complex which has a strong absorption in the u.v.
Method (i): The amount of nickel metal oxidized

in the formation of the anodic film was determined by dissolving
off the oxide film from the metal in a known volume of 0,5%

KCN solution which was previously deoxygenated by bubbling
purified N, gas. The absorbance of the complex, [Ni(CN)ujz"
was measured at 268 mu (148) and the amount of nickel

present was calculated from a Beer-Lambert calibration plot,
Corrections for any dissolution of pure metallic nickel in

the 0.5% KCN solution were introduced into the final

calculation for the amount of nickel present in the oxide
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film, From knowledge of the amount of nickel and the
"active" oxygen content of the film, determined electro-
chemically, the stoichiometry of the oxide can be deduced.

Method (ii): 1In the second methed, the electrode

was polarised as described above, and the oxide was then
Teductively dissolved in a known volume of stendard (0.02M)
hydrazine solution (or ammoniacal hydrazine to complete the
dissolution of the Ni in the film) which was firsti
deoxygenated by bubbling pure nitrogen in order to prevent
oxidation of hydrazine by atmospheric oxygen and to

minimize oxidation of metallic nickel. All fhe experiments
with hydrazine were carried out in an atmosphere of

purified nitrogen. Hydrazine reduces higher valent nickel
in the oxide to the divalent state which becomes complexed

as follows:
4 NiOOH + NzHu — uNi(OH)z + N2 I

or 2 Ni0O + N, — 2 Ni(OH) N II

2 2 2t N

2+ -
with  Ni(OH), + x NH, — [Ni(NzHu)x=2’3] + 20H”  III

Theoretically, if no other side reactions occur

leading to & loss of hydrazine (see below), then determination

of the amount of hydrazine reacted, enables the quantity of

available "active" oxygen, [0], to be calculated using the
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following equation:

NE, + 2[0] — N, + 2 H0 v

Hydrazine can be quantitatively estimated
before and after the experiment by determination with iodate
(149) and a number of experiments were carried out by this
procedure,

For an alternative estimation of nickel, a
small portlon of the originaltsolution, after reductive
complexation of the oxides with hydrazine, was_evaporated
to‘dryness in a dish on a water bath and the residue
dissolved in a known volume of 0.5% KCN solution., Since
the CN group is one of the strongest ligands, it replaces
NH,NH, from the [Ni(Nth)x=2,3]2+ complex to form [Ni(CN)ujz".
Hence the nickel content of the sample can be determined by
measuring the absorbance of the solutiqn at 268 mm as before,
using 0.5% KCN as the reference solvent.

The u,v. spectrum of [Ni(CN)uJZ' solution
determined against 0.5% aq. KCN as reference is shown in
Fig. 49 (Chapter III) and, for comparison, the spectrum of
[Ni(CN)ujz' prepared from [Ni(NzHu)x;2’3]2+ and-measured
égainst the same referenceiis superimposed,

This method (ii) was first tested using

precipitated nickelic oxide, Ni0.OH (Ni2+ + KOH with potassium
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hypobremite (150)) in order to determine both the Ni (by XCN)
and the active oxygen by means of hydrazine, The results

were encouraging (see Fig. 51,Chapter III) in so far as at
relatively short treatment times (up to 30 min.) a constant
value of the active oxygen : nickel ratio (= 0.5, corresponding
to "N1203" or Ni0,OH) was obtained. However, after longer
times (see Fig. 51 (b) Chapter III) a substantial increase

of this value became evident. It is known that hydrazine

decomposes to N2 and NH3 through the reaction

3 N, — N, + L4 NHy , : v

a ﬁrocess which is catalysed in the dry state by Ni0 (151);
the high apparent values of the O:Ni ratio may hence arise
because some of the N2H4 becomes lost by catalytic
decomposition, in addition to loss by reaction with active "Ou,
Application to large area oxidized nickel
gauze electrodes gave the results shown in Table VIII
(Chapter I1I) where agein the chemically determined active
"O" is much larger than the electrochemically determined
values, based on the cathodic reductlon transients. Here
some of the loss of NzHu nay be due to catalytic decomposition
by the underlying metal once the oxide film is stripped.
Hence, it was concluded that the oxidative loss of N2H4 cannot

be used reliably as a method for determination of the active
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"0" at nickel electrodes, Cathodic reduction (see

Section 8(b), (v)) must therefore remain the preferred
method, since reaction with iodide in acid media would be
relatively unsatisfactory for thin film oxide, However,

in order to use the cathodic reduction method for accurate
determination of the active "O", it is first necessary to
ascertain the extent of reduction of the oxide in a cathodic
pulse (see below, (b) (iii)).

(b) Experimental Procedure

(1) Preparation of Test Electredes: Two types

of electrodes were used: (A) Wire electrodes as described
in section 3(a), (i) above and (B) Commercial pure nickel
wire gauze; the latter was formed into large area electrode
of cylindrical shape and cleaned in an aq. ammonia~hydrazine
mixture and then washed in distilled water several times
until it was free from hydrazine.

(ii) Determination of Electrochemically Reducible

Oxide ("Active". oxyzen [07] content): The

charge for electrochemical reduction of the oxide film was
measured by the fast differential galvanostatic cathodic
transient method (120) described above,

Before dissolving the oxides in the course
of the subsequent analytical operations for determination

of the amount of nickel oxidized in the formation of the
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anodic film, the charge for electrochemical reduction of
the active "O" for each electrode end for each potential
was determined in six separate experiments; the data were
then averaged to'obtain & final mean value, For each
potential, a different electrode was used.

(11i) Extent of Reduction of Higher Valent Nickel

Oxides in a Fast Galvanostatic Pulse: A series

of experiments was carried out to investigate if higher wvalent
nickel oxides are reduced to the Ni{(II) state in a fast
galvanostatic reduction pulse {cf. refs. 27,54) and if
hydrogen gas evolves on the lower valent oxide (Ni(OH)Z)
itselfr, The electrode was polarized for 2 mins. at a
certain potential in the usual mamer and the reduction
charge was determined galvanostatically. Just after the end
of the cathodic reduction pulse, the electrode was removed
and the oxide was stripped in 0.5% aq. KCN and the amount of
nickel (from the oxide) complexed was determined spectro-
photometrically, Another electrode was polarized at the
same potential for 2 mins. in an.identical manner but without
discharging it; the oxide was then stripped in 0.5% ag. KCN
solution and the amount of nickel again determined.
Experiments were carried out at three potentials and the

results are given in Teble IX (Chapter III),
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(iv) Analytical Determination of the Amount of

Nickel in the Oxide Film: The amount of

nickel oxidized in the controlled formation of the thin
oxide film was determined by dissolving the film in a2 known
volume of deoxygenated 0,5% ag. KCN solution or in
0.02M NHZNH2 solution as described above, The oxide
electrode was kept in the complexing solution for controlled
times in the range 2-5 mins, during which period the oxide
film dissolved completely giving a bright nickel surface. i
The reaction was carried out in an atmosphere of purified |
nitrogen,

When 0.5% KCN solution was used as the
complexing agent, the resulting homogeneous solution was

directly used for measuring the absorbance at 268 mp using I

0.5% aq. KCN as the reference solution. When 0,02 M

NHZNH2 solution was used, the procedure described on

P.95 was employed,

(v) Corrections for Corrosion of Nickel: The

amount of nickel resulting from the dissolution of the oxide

was corrected for the microquantity of nickel which also
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dissolves on account of corrosion of the metal itself in
deoxygenated 0.5% KCN solution and also in NH,NH, solution
(see Fig. 52). The corrections were made as a Tunction

of the time ( 7fdis.) for which the electrode was kept in
the solution (see Fig. 52). The complexing solution was
first deoxygenated by bubbling purified nitrogen for 15 min,
while the electrode in the glass bulb was kept in the
solution. The bulb was then broken beneath the level of
the solution and the electrode was kept in solution for

various times T in the presence of nitrogen, &after

dis.
which the electrode was removed and the amount of nickel

dissolved by corrosion was determined spectrophotometrically.




CHAPTER TII

RESULTS

1. POTENTIOSTATIC STEADY-STATE KINETICS: EVOILUTION OF OXYGEN

The formation of oxide films at nickel is closely
connected with the kinetics of anodic oxygen evolution at
nickel since the intermediates in the latter reaction
constitute the surface species on the oxide film. The same
applies to silver, also considered in the present work,
While the study of the formation and properties of such
films constituted the main aspect of the work reported in
this thesis, it will be logical and convenient to present
first the results for the oxygen evolution behaviour, since
the formation of oxides in variouslstates of oxidation can
then be related to potential in terms of the framework of
kinetic processes in oxygen evolution and intermediates that
may be involved in that reaction.,

In the steady-state method for the study of reactions
occurring at electrode surfaces, the rate of reaction is
measured directly in terms of current, i, as a function of
potential, V, In certain favourable cases, the reaction
mechanism(s) can be elucidated by determining the values of
the Tafel slope, b (=dV/dlog 1) (4,6,77,122,154), the
stoichiometric number,‘f {155-158) (which can be calculated

from the quantity %% (% - % )"1 where ba and bc are the
a c
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anodic and the cathodic Tafel slopes (122,159)) or the
reaction order, [ § 1n i/SJm_c]V (160-161). These three
different but related approaches have, in a number of
favourable cases, been used complementarily for elucidation
of reaction mechanisms.

In the present work, the Tafel slope has been considered
end in the potentiostatic steady-state kinetic analysis,
logfij-v curves for ascending and descending directions of
potential change have been constructed for nickel metal
electrodes and also for silver electrodes for comparative
purposes, The current-potential graphs shown in the following
pages were based on 30 to 50 .points in each direction but for
convenience of presentation, the individual points have been -
shown on only two of the graphs (Fig. 2la and b).

All current densities considered in the results are
referred to the apparent geometrical area since real area
measurements based on internal H accommodation factors
cannot be made on Ni as they can on the more noble metals,
Determination of true current densities at Ag electrodes is
more difficult than at Ni electrodes because the silver
oxides (Agzo, Ag0 etc.) formed during oxidation are
appreciably soluble in ag. KOH and, consequently, the real
geometrical area of the electrode can change during the runs.

(a) Kinetics of Evolution of Oxyeen at Nickel Electrode

Surfaces

(i) Effects of Purification of the Potassium

Hydroxide Solution: In two or three steady-

state kinetic measurements at 25°C, highly purified KOH

{
¢




Figure 18, Comparison of steady-state potentiostatic
log[1]-V relations for nickel electrodes in
0.122 M aq. KOH {25°C) prepared according to
(2) the high purification technique and (b) the

stendard method.
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Figure 19, Comparison of 1og[i]-v relations for nickel
electrodesin (a) H, end in (b) vacuo

(2.05 M KoH, 25°C).
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Figure 20. Steady-state potentiostatic log[i]-v relations
for nickel annealed in oxygen 2M KOH, 30°C
(results are less reproducible from one electrode

to another than in the case of annealing in vacuo

or in Hz)o
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solutions were used; however, no appreciable difference

in the kinetic behaviour of nickel electrodes in the anodic
oxXygen evolution region was noticeable in comparison with
that for solutions made according to the standard method
(Fig, 18). The latter procedure was therefore used for

all other experiments with KOH solutions.

(i1) Effects of Variation in the Method of Preparationi

of the Electrodes: Nickel electrodes were

brepared in three different ways., Potentiostatie steady~
state log[1]-V curves for asﬁending and descending directions
of potential change were obtained for 2,05 M éq. KOH at

25°C using electrodes annealed in hydrogen, in vacuum and
(for 2 M aqg. XOH at 30°C for electrodes) in oxygen. The
results are showm in Figs. 19 and 20, and indicate that there
1s no substantial difference between the kinetic behaviour

of electrodes annealed in hydrogen and those treated in vacuum,
The results for electrodes annealed in oxygen are, however,
less reproducible from one eleptrode to another, and different
Tafel slopes (see Fig. 20) are observed.

(111) Effects of Concentration and Temperature of

The Electrolyte: Steady-~state kinetic runs

were carried out at various concentrations andg temperatures
of the electrolyte using electrodes snnealed in hydrogen and

in vacuum. The log[1]-V plots for ascending and descending




Figure 21. Steady-state potentiostatic log[i]
for nickel annealed in vacuo:

(2) 0.122 M Kog, 25°

(b) 2.05 M KOH, 25°%
(c) 7.3 M KoH, 30°

.
3

(d) 14.3 M KoH, 25%.

-V relations
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Figure 22, Steady-state potentiostatic 1og[i]-v relations
for nickel annealed in vacuo:
(a) 14,3 M KOH, 60°C;
(b) 14.3 M KoH, 89°C,
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Figure 23. Steady-state potentiostatic log[1i]-V relations
for nickel annealed in vacuo:

7.3 M KOH, -30°C.
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Figure 24, Steady-state potentiostatic log[i]-V relations
for nickel annealed in H2:
(a) 2.05 M KOH, 30°C ;
(b) 2.05 M KOH, 60°C ;
(¢) 2.05 M KoH, 83°C.
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Figure 25, Steady-state potentiostatic loe;[i]—v relations
for nickel annealed in vacuo: 1.62 M KOH with

0.46 M LioH at 25°C,
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directions of potential change are shown in Figs. 21-2L4.

(iv) Effects of Addition of Li' ions to the

Electrolyte: Effects of addition of LiOH

to ag. KOH in regard to the steady-state oxygen evolution
kinetics at 25°C at a nickel oxide electrode are shown in
Fig. 25. The electrolyte solution consisted of 1.62 M aq.
KOH and 0O.46 M aq. LiOH,

(v) Notable Features of the Steady-state Kinetic

Results: It has been found in the present work
that in the o.e.r. at nickel studied under steady-state
potentiostatic conditions, the log[i]-V relation is linear
over about 2-3 decades; a particular point of interest is
that this linear Tafel region is followed by a region of
reversal ("self-passivation" effect (115)) of the direction
of the current-potential relation at ca. 0.95 V. The Tafel

b a.cm"z) have values

slopes in the linear region ( > ca. 10~
given by b = ca. 2.3 (2RT/3F) for electrolyte solutions of
concentrations 0.122 M, 2,05 M and 7.3 M at each of the
temperatures 25°, 30°, 60° and 83°C and for 7.3 M aq. KOH at
-30°C and for 14.3 M aq. KOH at 25°C; the Tafel slopes for

14,3 M aq. KOH at 60° and 89°C have values close to 2.3 RT/F.

A short transition region between the potentials 0.40 and 0.50 Vv

i1s observed. Below 0.4 V to 0.5V, a very short linear

log[ij-v region is apparent: the extrapolated values of the
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Tafel slopes for this region (< 10"“

a.cm™?) are ca. 2.3
(2RT/F) (cf. ref., 18). The coordinates of the self-
passivation region for the o.,e.r, at Ni, and the Tafel slopes
for the kinetic behsviour in electrolytes of various concentrations
and at various temperatures, are summarised in Table III.

Increase in temperature up to 83°C diminishes
the tendency for the passivation type of effect to occur and
the hysteresls between sscending and descending log[i]-v curves
at high c.d. becomes smaller and only an approach to a region
of rather higher Tafel slopes is evident, In the Tafel
region, the slopes become higher with temperature, as
expected, and the results for ascending and descending
potentials are in excellent agreement (Figs. 21-24),

Up to about 0.2-0.4 V, a rapid ascent into tﬁe
foregoing transition region occurs and this appears to be
connected with initial oxidation of the nickel surface.

The presence of L1 ions in the KOH solution
had significant effects on the self-passivation behaviour
(Fig. 25): thus, the 1im1tiné current is somewhat diminished
in comparison with that observed in 2,05 M KOH (25°C) and
the hysteresis between the ascending and descending curves

i1s enhanced. This is in agreement with general observations

on bulk oxide material (17,55,56,60,61,200).
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It is observed that if broper controcl of the
time factor in the measurements is made, the log[i]-V curves
from one run to another in the same solution but with
different electrodes were virtually superimposable. Runs
in different solutions, but of the same concentration, were
also excellently reproducible (cf. the similar conclusions of
MacDonald and Conway (132) and Barnartt (162) regarding the
kinetics of the o.e.r. at Au and Au-Pd alloys), However,
in most of the runs, the first steady-state scan of ascending
and descending potentials usually gave somewhat lower currents
than did the second and subsequent scans of potentiel 1in |
anodic and cathodic directions.

(vi) Corrections for Resistance Error (iR) Effects:

It is observed from the above results that at high c.d.'s,
there is a tendency for the direction of the log[ij-v relation
to become reversed (passivation effect) or for log[i]

to approach a limiting value. Since at high c.d.'s the

ohmic overpotential contribution may be significant, the
measured potentials at high c.d;'s were corrected for iR-

drop where necessary. iR-drops determined from open-circuit
transients were first plotted against i1 for several potentials;
the iB-drops for other potentials were then calculated by
interpolation from this plot, A representative i Vvse. 1R

plot is shown in Fig. 26 for one typical kinetic run.




Figure 27. Steady-state potentiostatic log{ 1]-V relations
for silver ammealed in H2:
(a) 2M KoH, 25°C ;
(b) 2M KoH, 60°C,
(Potentlodynamic cyclic charging and discharging

curves are represented on the same potential axis).
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All the kinetic log[i]-V plots shown above
have, where necessary, been iR corrected® in the high c.d.
region by the procedure described above. It 1s clear that
the Iinversions of the Tafel relations and the approaches to
limiting currents cannot be ascribed to iR effects since
(A) the latter would not, in fact, lead to inversions or
"passivation effects"; (B) such behaviour is also observed
at high KOH concentrations where the effects of ohmic Pede'ts
are negligible, and (C) hysteresis in the upper potential
regions would not occur if'only iR effects were involved.

(b) Kinetics of Eveclution of Oxvgen at Silver Electrode

Surfaces

In order to compare the steady-state oxygen evolution
kinetic behaviour at nickel electrodes with that at the silver
end also to clarify further the mechanism of oxidation of
silver, steady-state potentiostatic studies were also carried
out -at the latter metal. Results are shown for 2 M aq.
KOH at 25°C ana 60°C in Fig. 27.

The results show (Fig. 27) that at first the

current increases logarithmically with increase of potential

*¥l.e. 2lso allowlng for the fact that in potentiostatic
experiments, the iR effect modifies the reference electrode
potential input to the potentiostat and hence the effective
potential to which the potentiostat adjusts itself.
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and the electrode then undergoes a passivation type of effect
at a potential ca. 0.3 V, The current again increases very
slowly with increase of potential after the second oxidation
process has commenced at a potential ca. 0.4 V. When a
potential of ca. 0.6 V is reached, a large increase of

anodic current accompanied by O2 evolution is observed. It
is also found that the anodic currents for the descending
direction of potential change are greater than those for

ascending potentials in the oxygen evolution region.

2, NON~STEADY-STATE MEASUREMENTS

(a) Estimation of Formation Charge (and Pseudo-

Capacitance) Associated with the Adsorbed Oxide Species

(1) ©Potentiostatic Step Charging at Nickel Metel

Electrodes: Applications of the potentiostatic

anodic step charging method (based on principles to be deseribed
in Chapter IV) were made to the study of the development of
surface oxide specles 1n the oxygen evolution reaction at

nickel electrodes in alkaline solution. The potentisl range
covered included a region where faradaic oxygen evolution can
occur. Under these conditions, a method based on the
principles to be described in Chapter IV must be adopted

since currents of both a faradaic (for the overall reaction)

and a pseudo-~faradaic (for the surface charging process)




Figure 28. Typical experimental current-time transients for

potentiostatic step charging at nickel in ag. KOH,

(a)

(b)

(c)

At low coverage (l.e. at low potentials) and
in ebsence of appreciable faradaic current,
At intermediate coverage and with appreciable
faradaic co-current (0, evolution).

at full coverage with no appreciable charging.
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6rigin pass in a common range of potentials, Under these
conditions, the analysls of linear anodic sweep results czan
become very complex (163). A method fer the study of the
formation of the surfasce oxide layer in the anodic direction
is also desirable because cathodic galvanostatic reduction
of the oxide 2t nickel is found to be incomplete (see
section 3 (f) of this Chapter) as also indicated in other
work (54). Similar effects are observed in fast reductions
of the bulk nickel (III) oxide when the underlying layers
tend to become relatively insulated by a less conducting
N1(II)(OH), layer. |

' The step charging method also enables studies
of successive degrees of oxidation of the surface (or of an
already existing surface oxide) to be made from one potential
to another, while the galvanostatic method glves the overall
degree of surface oxidation established at the electrode at
a glven prior, potentiostatically maintained potential,

The current-time transients for all the
potential steps were recorded photographically and the steady-
state currents at all potentials were measured on & millismmeter
in series with the counter electrode. Several typlcal
current~time transients are shown in Fig. 28,

The cherge passed, and hence the change of

degree of surface oxidation at the electrode interface, ﬁas
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Figure 29. Charge,Q,for potentiostatic step charging as a
function of potential, V, for various concentrations
of potassium hydroxide, and temperatures:

(1) 2.05 M KoH, 30°C;
(2) 2.05 M KoH, 60°;
(3) 13.1 M KoH, 30°C;
(4) 13.1 M Ko, 60°;
(5) 13.1 M xoH, 89°C;
(6) 6.7 M KOH, -30°C,

(The electrodes were pre-conditioned as in Fig. 8).
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Figure 30, Pseudo-capacitance, Cy as a function of potential,

V, obtained by differentiation of the relations

in Fig. 29

(1) 2.05 M KOH, 30°C;

(2) 2.05 M KOH, 60°C;

(3) 13.1 M KOH, 30%;

(4) 13.1 M KOH, 60°;

(5) 13.1 M KOH, 89°;

(6) 6.7 M KOH, -30°C.
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Figure 31. Charge,Q,for potentiostatic step charging as a
function of potential, V using b_are nickel
electrodes: (The electrodes were annealed in vacuo
but not pre-conditioned as in Fig, 8)

(1) 2,02 M X0H, 30°C;
(2) 14.4 M XoH, 30°C,
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Figure 32. Charge, Q, for potentiostatic step charging as a
function of potential, V, in 2.0 M KOH at 30°C
when polarisation was commenced_EHgo = =0.,92 V
in the same solution using "fresh" electrode,
(The electrode wes annealed in H, but not pre-

conditioned as in Fig. 8).
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Figure 33. Pseudo-—capaciﬁance, C as a function of potential,
V, obtalned by differentiation of the relations
in Fig. 320
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calculated for each potential step from the experimental
current-time transients in the manner to be described in
Chapter 1V, Addition of the charge increments gave the
total charge, Q, ¥s. potential, V, profile shown in Fig,
Differentiation gave the pseudo-capacitance, C (= dQ/av)
profile which is almost symmetrical about a potential of
0.5 V (Fig. 30): the exact value depends on temperature
electrolyte concentration. The above results (Figs. 29

30) were obtained for KOH solution at concentrations of

29.

2,05 M (30 and 60°C), 13.1 M (30°, 60° and 89°C) and 6.7 M

(-30°C) using the electrochemically pre-conditioned nickel

wire electrodes (see Chapter II).

Measurements were 2lso made st fresh bare -

electrodes (annealed in vacuo and in H2) (Figs. 31 and 32).

In one set of measurements, polarization was commenced in

2M KOH solution at 30°C in potentiostatic steps from -0,92 V

up to about +0.9 V (Fig. 32). Much less charge was involved

in oxidetion of the fresh bare electrode than that in

oxidation of an electrochemically preconditioned electrode

(Figs. 29, 31 and 32)., Differentiation of the relation
Fige. 32 gave a pseudo-capacitance profile exhibiting two

in

preaks (Fig. 33), one at a potential ca. -0,6 V and the other

at ca, +0.5 V (cf. Fig. 34 a,c).
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The results from the potentiostatic step
charging method were compared with those from the fast
galvenostatic reduction method. After the electrode had
been polarised in steps up to the highest potential, the
total charge associated with (electrochemically reducible)
oxide species at the electrode was also estimated by a fast
galvanostatic reduction transient (Fig. 8). The maximum
charge for reduction at the highest potential, estimated by
the step method, was found to be about 20% less than that by
the galvanostatic method., This discrepanpy may arise
because oxide was continuing to grow significantly between
consecutive steps. The results are given comparatively
in Table 1V,

(11) Potentiodynamic Linear Repetitive Sweep Method:

As mentioned in Chapter II, the potentiodynamic sweep
measurements involve the use of an electronically programmed
"triangular" wave signal applied to the electrodes in order
to obtain the i-V (or t) relations.

In a potentiodynamic run, the aim is to obtain
an 1~V relation in which charging and discharging peaks
assoclated with adsorption and desorption of intermediates
on the electrode surface can be observed in a well-defined
and reproducible manner. The peak potentials are related

to the free energies of adsorption and desorption of the
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Figure 34, Repetitive potentiodynamic triangular sweep at
nickel electrodes in KOH solutions for various
concentrations and temperatures:

(a) 2.05 M KOH, 30°C;

(b) 2.05 M KOH, 30°C; shorter potential range.
(¢) 12.45 M KoH, -15°C;

(d) 7.0 M XOH, -30°C,
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various species at the electrode surface (163-165). The
amounts of charge passed in the formation and desorption
of the species can be calculated by estimating the areas
under the corresponding peaks. In the case of symmetrical
peeks, the potentials of the maxima correspond to half-
reduction or half-oxidation of the surface,

In some cases where more than one species is
formed at the electrode surface over ranges of potential
which are not well-separated, the pezks overlap partially
or completely depending on the separation in peak potentials.
In such cases, it is difficult to interprét the results
obtained and this difficulty becomes more important at
higher sweep rates where the peak potentials can become
shifted due to polarization effects,

In the absence of Faradaic currents, the
current-potential relaﬁion obtained from a linear sweep
(av/dt = constant) experiment is equivalent to & pseudo-
capacity-potential relation because, in the absence of an
eppreciable faradalc current, the pseudo-capacity C = 1/%% =

1 x constant.

(A) Nickel Electrodes: Potentiodynamic i-V

profiles were obtained at nickel electrodes for various
concentrations and temperatures of the KOH solutions,

Typical i-V profiles are given in Fig, 34, and for comparison,
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Figure 35, Repetitive potentiodynamnic triangular sweep at

platinum electrodes in (a) 1M H,80, and (b) in
1M KOH solutions,
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the correspondiﬁg behaviour at Pt in HZSOQ and KOH solutions
is also shown (Fig. 35). The difference between the i-V
relation for nickel electrodes and that for platinum electrodes
in KOH solution is obvious: unlike the case of platinum
electrodes, no H adsorption and desornption peaks are observed
for nickel electrodes; also two anodic peaks are observed
at nickel (Fig. 3% a,c) whereas only one broad oxide
formation region arises in the case of platinum electrodes in
acid. In the cathodic direction of Scanning, one oxide
reduction pesk is observed for both the nickel and platinum
electrodes in slow transients, |

In some runs with nickel electrodes,
measurements were also made for different ranges of the
scanning potential, Thus, if the end potential in the
cathodic direction is such that there is no hydrogen
production at the electrode surface, then it is found that
the first small peak for oxide formation which usually
occurs at a potential of ca. -0.6 V disappears (cf. Fig, 34 b,d).

The second anodic oxide formation peak occurs
at a potential of gg. +0.5 V but the exact value of the peak
potential depends on the concentration and temperature of the
electrolyte, and the sweep rate. The peak potential for
the reduction of the oxide specles formed at a potential of

ta. 0.5V 1s observed to occur at a potential of ca. 0.35 V,
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An appreciable hysteresis between the processes of oxidation
and reduction of the lower valent oxide species (viz.
Ni(OH)z) at the electrode surface therefore arises, This
phenomenon is also observed at both platinum and silver
electrode surfaces in KOH solution (see also sub-section (b),
below).

A small hysteresis loop is also observed in
the cathodic region for evolution of hydrogen on the oxide
surface and on the free (?) metal surface (Fig. 34, a,c).
However, this aspect of hysteresis was not studied specially
in the present work,

The charges Q passed for the formation of the
oxide and for 1ts reduction were calculated from the areas
under the respective peaks for various sweep rates, and
varlious concentrations and temperatures of the KOH solution,
Charge balance was also checked, The results are summarised
in Table V., It 1s seen that Q depends significantly
on the sweep rate, This effect may arise because the oxide
grows at the electrode surface with time; alternatively,
the observed peaks may be associated with currents both of
Pseudo~faradalc and a faradaic origin. Under such
conditions, the slower the sweep rate the greater will be
the contribution of the faradaic charge (e.g. here for O2

evolution) to the total charge., From the charge ratio
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Figure 36. Repetitive potentiodynamic triangular sweep at

silver electrodes in KOH solutions for various

concentrations and temperatures:

(a) 2.0 M KOH,
(b) 2.0 M KOH,
(c) 2.0 M KOH,

(d) 7.0 M KOH,

range:
(1) -32%; (2)
and {5) -42°C.,

,25°C;

60°C;
2?.5°C; shorter potential ranges

-32 to -42°C; shorter potential

-34%;  (3) -36%; (&) -38%C;
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(Column 6, Table V) it may, however, be concluded that the
contribution of chargé due to an overall faradaic process is
negligible,

(B) Silver Electrodes: Potentiodynamic i-V

profiles at silver metal electrodes in 2.0 M aq. KOH at
30°C and 60°C and in 7.0 M ag. KOH at -30°C to -40°C were
obtained for the purpose of comparison with the behaviour
observed at nickel electrodes. Typical 1-V profiles are
shown in Fig. 36,

Two well-defined oxide formation peaks and
two corrgsponding oxide reduction peaks occur in the i-V
curves. A third small and ill-defined peak (I') appears
at the beginning of the first anodic peak at and above room
temperature: this peak becomes more prominent in runs |
conducted at low temperatures (Fig., 36d). Under such
conditions (viz. at -30°C) the first anodic oxidation peak
broadens and a new oxide reduction peak (II') appears
(Fig. 36d).

The peak pofentials themselves and the
potential range of separation between the corresponding
oxidation and reduction peak potentials were found to depend
significantly on the sweep rate and the temperature (cf.

Fig, 45).




Figure 37. Typical galvanostatic potential vs time transient

(charging).
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As at Ni, no H- adsorption or desorption
peaks are observed at silver,

Oscillations of both currents and/or potentisals
were frequently observed at silver electrodes during the
formation of tﬁe first oxide and in the potential région
between the two cathodic reduction pesks (viz. Fig. 36).
However, at higher temperatures (60°C), the oscillations
were eliminated.

The charges Q passed for formation and reduction
of the oxides were calculated as a function of sweep rate
for 2.0 M ag. KOH at 30°C and 60°C, and for 7,0 M aq. KOH
at -40°c, A charge balance was also made; results obtained
are summarised in Table VI,

(111) Results of Fast Galvanostatic Discharge

Experiments:

(A) Principles Involved and the Determinaticn of

the Electrochenically Available Charge: A

typical galvanostatic charging (or discharging) transient

(cf. Fige. 37) has usually two reglons corresponding to high
adsorption pseudo-capacity where the rate of change of
potential, V, with time, t, at constant current, i, is
relatively small (i.e. "arrests" are observed in the transient).
These are separated by a2 low capacity region corresponding

to a change of charge in and configuration of the 1onib
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double layer, One of the high capacity regions cofresponds
(at noble metals) to ionization of hydrogen atoms chemisorbed
on the electrode surface and the second to the formation of
a surface oxide or a layer of adsorbed oxXygen, Thus the
presence of adsorbed electro-active species at the electrode
surface is indicated by "arrests" in the galvanostatic V-t
transients.

A typicel gelvanostatic V-t transient would
represent directly a Q (gr ©) vs V profile provided that
most of the current passed is of s pseudo~faradaic origin,
l.e. currents of non-faradaic (for double~layer charging)
and faradaic origins (for the overall reaction) are relatively
small, Hence, the first derivative (dV/dt) of the relation
represented by the V-t transient would give s % vs. V
profile, directly, Since the galvanostatic V-t transients
themselves usually show only ill-defined inflections from
which it is difficult to calculate capacitances graphiceally
with satisfactory accuracy, the direct differential method
of Kozlowska and Conway (120) was used, This method has the
advantage of giving directly the detailed form of the potential~
dependence of the capacitance associated with the charging
(or discharging)processes and can indicate the presence of
two or more intermediates at the electrode surface in more

complex reactions,




Figure 38. (a) Typical potential vs. time transient and its
differential coefficient obtained in a fast
galvanostatic reduction pulse,

(b) Typical potential vs. time transient and
1ts differential obtained in a fast galvenostatic
reduction pulse following an open-circuit decay -

for a controlled time ("C'D).
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Figure 39. Oxide charge, Q, for the nickel oxide electrode
| (reducible in a fast galvanostatic reduction
pulse) as a f‘uﬁction of electrode potential, for
various concentrations of XOH anﬁ temperatures:
(a) 2,05 M KoH, (1) 30°%, (2) 60%, (3) 83°%;
(b) 13.1 M koH, (1) 30°, (2) 60%, (3) 89°,
(4) -15°C in 12.45 M KOH, and
(¢) 6.7 M KOH, (1) ~-30°C and (2) 30°C,
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Figure 40. Relation between inflections in kinetic
logl1]-V curves and the potential-dependence
of charge for oxide film reduction at similar
nickel electrodes:

(a) 2.05 M KOH, 25°C;
(b) 2.05 M KOH, 60°C.
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In the present work, the amounts of the
charge asscciated with reduction of oxygen-containing species
in the thin film oxide layers at the elecirode surfsce in
KOH solution were determined by fast galvanostatic reductions
(Chapter II) from controlled anodic potentials at 0.05 V
intervals using a constant high current (see below). A
typical fast discharge transient for a nickel oxide electrode
is shown in Fig., 38a together with its time-~dependent differential
coefficient.

In this wgy, the charges required for
reduction of the oxide layer at the nickel electrode in KOH
solutions at various concentrations (2.05 to 13.1 M) end
temperatures (from -30°C to +89°C) could be calculated.

The results are given in Fig. 39. It 1s observed that the
charge, Q, vs. potential, V, profile has a maximum around
0.8 V. Comparison with the steady-state log[1]-V plots
(for example, Fig, 40) shows that in the region where self-
passlvation occurs, the quantity of cathodically reducible
oxlde gradually decreases, and the chemically determinable
amount of nickel oxidised also decreases (see section 3 (g)
of this Cheapter).

Up to the potential at which the charge
meximum occurs (see Fig. 39), the Q vs. V profile has the

same shape as that observed in a V-t transient (Fig., 38 a)




Figure 41. Dependence of oxide charge, Q, for the nickel
oxide electrode (reducible in a cathodic
galvanostatic pulse) on the galwvenostatic

reduction current density.
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from a galvanostatic‘pulse, as would be expected in the
absence of an appreciable faradaic current (163,164).,

(B) Dependence of Charge for Oxide Reduction on

the Galvanostatic Reduction Current Density,

i.e. Bate of Reduction: Here the charge

associated with reduction of oxygen-containing species at
the electrode surface in KOH solution at a certain electrode
potential was determined as above, but varying intensities
of the galvanostatic reduction current density were employed.
The results are given in.Fig. 41, It is observed that as
the cathodic current density is increased,Q increases to an
extent of ca 20%. This is due to self-discharge effects

to be discussed in the following section.

(C) Loss of Oxide Charge at the Nickel Oxide

Electrode during Open-circuit E.m.f., Decay:

The apparent decrease of charge with increase of potential
(cf. Fig. 39) (l.e. occurrence of the maximum) may be due

in part to a self-discharge process which occurs at high
potentials simultaneously with the electrochemical reduction
during determination of oxide charge in a fast galvanostatic
cathodic pulse, In order to account for this loss of

oxide charge, experiments were performed in the manner
described in Chapter II, section 8(b), (vi). A typicel

potential-time transient with its differential coefficient




Figure 42, (a) Self-discharge at thin film nickel oxide
electrodes at a potentisl 1,0 V in 2.0 M KOH at
28°c, |
(b) Self-discharge at thin film nickel oxide
electrodes in 2,0 M KOH at 27°C from varlous
anodic potentials;

(1) v, = 0.5V
(2) v, = 0,7V,
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Figure 43, Increase of oxide charge for nickel oxide
electrodes (determined by galvanostatic reduction)
with time at various indicated potentials in aq.
KOH solution of various concentrations and
temperatures:

(a) 2.0 M KOH, 30°C;
(b) 2.0 M KOH, 60°C;

(e) 13.1 M XOH, 30° and 60°C.




CHARGE, Q(me. en2)

CHARGE,Q (mc.cmi ?)

068V

044V,
E 0.26 V.
5 oo
L 1 1 1 1 I 1 1 ) ] L
0 P ] 1214 76 18 20 22 34 3e
TIME (min.}
sl 068V
32t
o 058V. o—

(b)
16
12
8 044v

o o
41z

0,26V

T ——- pm—— T v T d T T T

0 4 8 2 16 20 24 28

TIME {(min )




(9)
(urw) IWiL

22 02 8 91 v gz OO 08 09 Ot 02 o
_ _ _ I J J ] _ _ L _
ilO\\\\\\.O\\O\
0 ° | ]
9008 A 20
\O\l
9 .09 “A9H0 "
. : o o— -
° o -
2 ,0€ “A09°0
7
O\O
] o
Io ”
0008 “A GE€4°0 ° =
[+ ° O\
o o—
0009 “A €2°0 -

0'¢

o o o o
¢ 10 < A
(52Wo "ow) p*I9UVHO

Q
N~

Q
)



- 124 -

is shown in Fig. 38 b, The charge for oxide reduction
passed in the cathodic pulse was determined as described in
Chapter II, section 8(b), (v) and hence the amounts of
electrochemically reducible material remaining in thin layers
of oxide after verious short open circuit (delay) times 'fD
were deduced. A plot of charge Q z§’75 was made (Fig. 42 a)
from which the amounts of electrochemically reducible material
that would have been present had self-discharge been '
negligible could be estimated by extrapolation (Fig. 42 a).
It was found that the exéent of loss of cathodically reducible
material is potential-dependent (Fig, 42) kas expected)
and that the loss is up to ca. 20% (Fig. 42 a),

(D) Kinetics of Growth of Nickel Oxide Films at

The Nickel Metal Electrode Surface: In order

to study the apparent rate of growth of oxide(i.e. in terms

of material determinable by measurements of the charge required
for oxide reduction) at the nickel metal electrode surface

in KOH solution, experimen@s were carried out in the

manner described in Chapter II, section 8(b), (viii).

Results showing the rate of increase of charge for oxide
reduction at various potentials in 2.0 M KOH solution at

30°C and 60°C are shown in Fig. 43 from which it is apparent
that the charge for oxide reduction increases approximately

logarithmically with time (see also Fig., 64).
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(b) Kinetic Behaviour and Hysteresis in the Charge-

Discharge Processes at Nickel and Silver Electrodes

Two important general aspects of the behaviour of
surface oxide materials are connected with: (i) the
kinetics of their formation and reduction; and (ii) any
intrinsic irreversibility of a more fundemental thermodynamic
kind associated with phase transformation of thin layer
materials during or after their anodic formation,

In the present work, attention has been given to
these two matters by examining anodic and gathodic charging
processes for thin layer materials formed at nickel and
" silver under potentiodynamic conditions,

Kinetic effects were examined iIn two ways: (A) by
observation of the shape and peak potentials for the oxide
formation and reduction peaks in potentiodynamic sweep
experiments, The peak potentials were evaluated as a
function of sweep rate (dV/dt) using the principles discussed
by Conway, Gilead!i and Kozlowska (163); (B) by observation
of the dependence of inflection potential, Vinf (determined
from the differentiated charging curve profiles), in cathodie



Figure 44, (a) Typical repetitive potentiodynamic triangular

sweeps at nickel as a function of dV/dt within a
constant potentisl range (2.0 M KoH, 22°¢C):
(1) 0.0059 V sec™’; 0.164 ma.cn™2/10 mm;
(2) 0.0117 V sec™; 0,204 mA.cn"2/10 mm;
(3) 0.0234 V sec™; 0.327 mA.cu™2/10 mm;
(4) 0,059 Vv sec'l; 0.545 mA.em™2/10 mm;

(5) 0,117 V sec™; 0.818 mA.cm™2/10 mm.

(b) Peak potentials for anodic and cathodic

sweeps at nickel as a function of dV/dt (potential
range -1.L26 to +0.812 V, 2M KOH, 30°C),

(c) Peak potentials for anodic and cethodic swéeps
at nickel as a function of dV/dt (potential range
-1.196 to +0.676 V, 2M KOH, 30°¢C).

(d) Peak potentials for anodic and cathodic sweeps

at nickel as a function of dV/dt (for various

potential ranges and at slow sweep rates: 2.0 M

KoH, 22%%).
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discharging curves as a function of cathodic discharge rate¥
(ef. 163).

The results for method (A) based on the potentio-
dynamic sweeps are shown in Fig. 44 for cathodic-going and
anodic-going sweeps. The polarisation in the charging and
discharging process is indicated by the dependence of Vpeak
on dv/dt. Somewhat more polarisation is evidently indicated
in both Figures for the anodic than the cathodic process;
it will include any internsl "iR" polarisation associated

with the oxide film. "External" sclution iR effects were

negligible, The separation between the potentials Vpeak

for the anodic and cathodic current maxima is & measure also

of the hysteresis (see below) between the potentials for
formation and reduction of the surface oxide, a situation
which is also observed on most other metals e.g. Pt, Pd
(63,153) and Ag (see below). For comparative purposes,

eanalogous results were obtained at silver and are shown

* The dependence of peak potentials Vpeax on dV/dt or of
inflection potentials (Vijnr) on current density give almost
equivalent information on polarisation (irreversibility) effects
in the charging or discharging process (oxide formation or
reduction), depending to what extent the oxide redox pseudocapacity
depends on charging or reduction rate, At Vpeaks the charging
current is Cpay*(dV/dt) and kinetic effects at this potential
should ideally be equivalent to those arising in a galvanostatic
experiment at an appropriate charging rate (163). In general,
the displacement of capacity maximum potential is an indication
of polarisation in the kinetics of the charging process. In a
galvanostatic experiment, Vinr will, correspondingly, vary with
reduction current as shown in the present work.,




Figure 45, (a) Peak potentials for anodic and cathodic
sweeps at sllver as a function of dV/dt (potentizal
renge -1.380 to +0.929 V, 2M KOH, 25°C). (1) First
anodic peak; (2) Second anodic peak; (3) First

cathodic peak; (4) Second cathodic peak,

(b) Peak potentials for anodic and cathodic sweeps
at silver as a function of dv/dt (potential range
-1,269 to +1.025 V; 2M KOH, 60°C). (1) First
anodic peeak; .(2) Second anodic peak; (3) First
cathodic peak; (4) Second cathodic peak,
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Figure 46. Inflection potential,V (at capacity maximum in

inf.
discharging curve - see Fig., 38 a) as a function

of cathodic current density,i 1in galvanostatic

c
reduction of surface oxide at nickel (2M KOH, 30°C)

for various initial anodic potentials, V, (vs Hg/Hg0):
(1) V1=005 VeeooO and Vi = 006 voa.oD

(2) V1=Oo7 Veeeoso A
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Figure 47, Inflection potential,vinf at a constant reduction

current at nickel (ic = 3 x 1071

a.cm'z) as a
function of prior anodic polarisation potential,
V1 (pretreatment sequence shown in inset);

(nickel in 2M KOH, 30°C).
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in Fig., 45. In these results, it should be noted that
two oxidation peaks and two reduction peaks are well
separated, and correspond to the well-known two principal
oxides of silver which have been characterised electrochemically
in earlier work.

The data obtained by method (B) are shown in
Fig. 46 (based on transients such as those for nickel) and
a similar polarisation in cathodic reduction is observed.
Although the range of reduction rates investigeted was not
large, the effect is reéroduced for reduction of the oxide
from three prior anode polarisation potenfials (see below,
Fig. 47).

In Figure 47 is shown the effect of prior
anodic polarisation potential, Vi on the inflectlion potential,
Vinge (see Fig. 38 a) for nickel surface oxide reduction in
galvanostatic transients taken at 1, = 3 x 107 a.em™?.  The
inflection in the (dis)charging curve appears at potentials
which are more cathodic the more anodic is the prior steady-
state polarisation (see pretreatment conditions indicated
in inset to Fig. 47). This somewhat surprising result
is, however, not uncommon; for example, at platinum (63),
the peak for oxide reduction occurs quite generally at more
cathodic potentials the higher is the upper limit of potential

for prior anodic polarisation in the oxide formation process.
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The effect 1s again connected with hysteresis in formation
and reduction of the surface oxide, A similar situation
is found with fegard to the surface oxide formed at platinum
in the Kolbe reaction in aqueous media (166), where as higher
anodic polarisations are resched, oxide is formed which is
reduced only at correspondingly lower cathodic potentials,

At Pt and P4, it is well known that the anodic
oxide film formation occurs over a broad range of potentials
while reduction does not occur until a potentlal is reached
which is just lower than the lowest potential required for
commencement of oxide film formation in the anodic direction
of potentlal change (cf. Fig. 35). The reduction occurs
however with an almost symmetricalvcurrent peak having an
half-width of ca. 0.24 V corresponding to an almost 1dea1.
slmple redox process for the surface atoms of Pt, considered
with respect to a corresponding oxide "PtOH" or "PtO" (63)
and reduced sites "Pt", |

At nlckel, well defined cathodic and anodic charging
current peaks IIcath, IIag arise% but are not symmetrical
(cf. Fig. 34). At silver, two well-separated anodic and

two cathodic peaks are observed, Ia Icath, and IIan and

N,

* A very small but reproducible anodic peak I is also seen
at lower potentials and may be associated with oxidation of
adsorbed or occluded hydrogen.



Figure 48, Potentiodynanmic scanni‘ng curves for an oxidation
and reduction process exhibiting hysteresis (at
a constant dv/dt):
(2) at nickel in 2.0 M KOH at 22°C ;
(b) at silver in 2.0 M KOH at 27.5°C and

(c) at silver in 7.0 M KOH at -41°C.
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IIcath, with hysteresis between the potentials for each of

the corresponding charging and discharging peaks (cf. Fig, 36).
In all cases studied, including Pt, the hysteretic effect

is maintained down to the lowest practically useable sweep
rates., The effects are not due to polarisation altnough

the latter may tend to enhance the hysteresis (Figs. 44-46),
The magnitudes of the hystereses in terms of the differences

in charging peak potentials (AV ) are summarised in

peak
Table VII,

Since hysteresis phenomena can be characterised by
so-called "scanning curves" (167 cf. the mégnetization of
iron), attempts were made to obtain these "curves" at nickel
and silver electrodes in KOH solutions. The results are
given in Fig. 48, It is observed that a family of systemétic
ascending and descending scanning curves exists within the ‘
main or "boundary loop"} Similar "scanning curves'" were

also observed by Conway et al. (171) at platinum electrodes

in stoh solution,

3. RESULTS OF CHEMICAL ANALYTICAL EXPERIMENTS

The general procedures based on stripping by complexation
and reduction have been described in Chapter II. Calibration

data and results will now be considered.




*Tet3usgod 3wyj

38 jusds awl4 oY3 pue pautslze TeTjusjod opous UNWIXeu uo spusdep ATTBNSN S3093JJ9 Jo opnjziulIvy

(UoTIag UOTLBPIXO DTPOUB JO °TPPTW U0 possBq 8aIn3d{J) uoiIax FuiBasyo OTpouB SPTM 4w
syead Teolxgowmds-uou $uoiFog FUTIIBYOSTP pus JuTIawYO 9PN *

LTegvuixoxdds ##54°0

0052
‘o5 WT *aq

(1-99S°A02°0=3P/AP) 20°0F56T°0 II ¥8od "Aﬁuomm.>om.onpU\>vv 20°0+561°0 I ¥eaq
AH-oom.>mo.onp@\>cv 20°0+08T*0 II 3®8ag uﬁﬁuoomr> $0°0=3P/AP) 20°0+09T°0 I 3eog 0009
‘HOX W2 ‘aoATiS
Aﬁuumm.>omo.onpU\>uv 20°0¥G€2°0 II xeog WAH-oom.> 02°0=3P/AP) 20°0+0TE*0 I NBog
Nﬂuoom.>mmo.onpc\>uv 20°0F98T*0 II ¥wog "Aﬂuoow.>mmo.ouu@\>ov 20°0%052°0 I ¥eod D052
. ‘HOM WZ *J9aATTS
(& *39a
9318Yo %05 38 TT°C ‘onbe1d £19398q)
9PTX0 TeXOoTu HIng
uAH-omm.>HNm.onpU\>@v #TT°0 000€-
‘HOM Wl *TONMOIN
(1-998 °AS°H=3D/AP) 40°0¥542°0 * ({-99S°A05°0=3P/AP) 20°0F0£T*0 D00€
‘HOX WZ *‘ToMOIN
Aﬂaoom.>om.onp@\>cv TO*0+02T°0 "Aﬂuomm.>mmo.onp@\>cv 20°0%080°0 0022
‘HOX W2 ‘To3oIN
odnjeJodusy
(1) xda> pus

uofanITos ‘1838l

(BUTXBW JUDIIND JUTSIBYDO JO S1BI4U830d UO POSBQ) WNUT3ETd pPue J9AL1S °I9N9IN 3V

S8PIX0 998BJINS JO UOTIONPSY pUB UOT3IBWIOJ U 5390)J0 518919384H

IIA 31qBy



Figure 49. U.v. spectrum of [Ni(cN),]?" from direct Kcn
stripping of surface oxide and from Nji complexed
initially with hydrazine; graphs are for identical

Ni concentrations and ref. solution is 0.5% aq. KCN,
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Figure 50, Beer-Lambert Ealibration plot for [Ni(CN)ujz"

complex.,
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(2) The U.V. Spectrum of [Ni(CN)ujz' Solution

Nickel in the oxide films was determined as the
tetracyano complex, The u.v. spectrum of aq. [Ni(CN)hJZ'
measured with respect to 0.5% aq. KCN as reference solution
is shown in Fig. 49 and, for comparison, the spectrum of
[Ni(CN)ujz’ prepared from [Ni(NZHQ)x=2,3]2+ and measured
against the same reference is superimposed.

(b) Beer-Lambert Plot for Analysis of Nickel as [Ni(CN)ujz'

By means of standard solutions of NiSOu diluted in
0.5% aq. KCN, a calibration plot for absorbance (at 268 mpm )
¥Ys concentration was prepared for the concentration range

10-8 6

to 5 x 107" g. nickel per ml. of solution. A Beckman
DU or DB spectrophotometer was employed operating at a slit
width of 0,1 mm. The calibraticn plot is shown in Fig. 50,
The amount of nickel present in the sample was then calculated
from the Beer-Lambert standardisation plot,

(c) Reliability of the Hydrazine Method

The hydrazine method for reductive oxide stripping
(Chapter II, section 9(a), (ii)) was tested using precipitated
nickelic oxide (NiO.OH) in order to determine both the Ni
by the KCN method and the active oxygen by means of hydrazine,
Nickel-hydroxy-oxide (Ni0.OH) was precipitated quantitatively

from a standard NiSOh solution by means of aq. KOH and-Br2




Figure 51. (2) Active 0:Ni ratio from determinations on
precipitated nickelic oxide (Ni by KCN, "0' by N H,)
as a function of reaction time up to 30 min.;

(b) Nickel:active O ratio from'determination on

precipltated nickelic oxide over a wider time range,
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(150). The results are shown in Fig. 51 and were regarded
as encouraging in so far as for relatively short treatment
times (up to 30 mins. Fig. 51la), a constant value of the
active oxygen: nickel ratio (= 0.5, corresponding to

"N1203" or Ni0O.OH) was obtained. However, after longer
times (Fig. 51 b), a substantial increase of this value became

evident.

(d) Results with Large Area Oxidized Nickel Gauze

Electrodes
Since the results obtained with the hydrszine method
using precipitated NiO.OH seemed to be saﬁisfactory at the
shorter times, the method was applied to large area oxidized
nickel gauze electrodes in order to determine the stoichiometry
of the oxide in thin film oxide layers. The oxide was |
stripped from the electrode surface for controlled treatment
times in aqueous deoxygenated N2H4 (or emmoniacal hydrazine
to complete the dissolution of the N1 in the film). The
Ni dissolved from the oxi@e film by the reductive stripping
was determined by the KCN method and the active oxygen was
estimated both bykthe new hydrazine procedure and by the
electrochemical method (based on cathodic reduction transients).
The results are compared in Table VIII. It 1s observed
that the chemically determined active oxygen, [0], is seen

to be much larger than the electrochemically determinéd values.,
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Figure 52, Dissolution (corrosion) of metallic nickel in

0.5% ag. KCN and in 0.02 M N,H,, at 22°C,
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This discrepancy, it seemed, might be due to some loss of

Nth on account of catalytic decomposition by the underlying

metal once the okide film had been stripped. Hence, it was
concluded that the oxidative loss of NZHu in reductive

stripping could not be reliably used as a method for determination
of the active oxygen in thin films at nickel electrodes

although for thicker or bulk material the method would be
satisfactory. Cathodic reduction must therefore be the

preferred method for the determination of active oxygen,

(e) Corrections for Loss of Nickel by _Corrosion During

the Analytical Stripping reaction

The necessity for corrections for loss of nickel
from the metal by residual corrosion pProcesses was pointed
out in Chapter II, 9 (b), (v). The results are shown in
Fig. 52 for various times of exposure zjdis. to the stripping

solutions.,

(f) Extent of Reduction of Higher Valent Nickel Oxides

In a Fast Galvanostatic Pulse

Experiments designed to determine if the higher
nickel oxide becomes reduced in galvanostatic transients
to the metallic state or only to the Ni(II) oxide were
described in Chapter II, 9(b), (1ii). The results are
glven in Table IX, It is seen that at all potentials,

the amount of nickel in the film determined after charging
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Figure 53, Chemically determined nickel content in anodic
oxide films in comparison with electrochemically
determined chafge for reduction; both quantities
are shown as a function of priof anode potential

held potentiostatically for 120 sec, (2M KOH, 30°C).
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is approximately equal to that determined after discharging.

This indicates that higher valent nickel oxides are reduced

only to the Ni(II)-oxide (and not to the metal) in a fast
galvanostatic pulse, at least when the oxide film is thicker

than a monolayer or so. However, if cathodic hydrogen evolution
is allowed to occur at the end of the cathodic pulse for some
time, the Ni(II)-oxide becomes reduced by hydrogen to the metal,
2s in the first stage of the pretreatment programme (Fig. 14).

(g) Stoichiometry of Thin Film Nickel Oxide Layers

In the first set of experiments, nickel wire
electrodes were used as'working electrodes, and 0.5% KCN
solution was used as the complexing agent.for dissolving the
oxides from the electrode surface. The amocunts of electro-
chemically active oxygen (equivalént to the electrochemical
"capacity" of the electrode in the sense used in battery
terminology) and the corresponding amounts of nickel oxidized

in the thin films of oxide are plotted in Fig. 53 as a function

of electrode potential. These results, in terms of the
stoichiometries of nickel oxide in the charged state of the

electrode as a function of potential will be discussed further

in Chapter IV,

An interesting maximum in the Q vs, V curve is
apparent at a potential of ca. 0.9 V (cf. Fig. 53 for example).
The meximum in the extent of oxide formation at ca. 0.9 V
is reproducible and also corresponds to the 1nflectiohs which

are observed in the steady-state potentiostatic current
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Figure 54, Active 0:Ni ratio as a function of time period
for which the electrode is held at 0.3 V (2M

KOH, 30°C) prior tc the application of = galvano-
static discharge pulse.
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potential relations for O2 evolution on oxide~film Ni electrodes
(ef. Fig., 40). It is evidently a real variation of the extent
of Ni cxidation since a similar maximum.occurs in the second
curve in Fig. 53 for Ni content in the chemically stripped film.
Another maximum in stripped nickel also arises at low potentials
and is a real effect (based on a number of independent points)
but this may correspond to a pre~passive, less consolidated
film of the type also indicated by ellipsometry (54),

A second set of experiments was carried out using
hydrazine in this case as the complexing agent for nickel and
the nickel gauze as the electrode, and the stoichiometry of
the oxide film was determined as a function of electrode
potential, In this experiment, stoichiometries of the oxides
at potentials above thét for oxygen gas evolution were not
investigated because at these potentials molecular oxygeh is
entrapped in the gauze and some can be reduced during the
galvanostatic pulse as mentioned above. Results are given
in Table X. Stolichiometries of the oxides are calculated on
the basls that higher oxides of nickel are reduced only
to Ni(II)-oxide. '

It is also found in some experiments that as more
time is allowed for formation of the higher oxide, a greater
fraction of the lower valent oxide 1s oxldized to the

higher valent state, and hence somewhat higher O:Ni stoichiometryf

tends to be attained (Fig. 54).
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This time-dependent overall valency change in the oxide film
is also accompanied by time-dependent thickening of the
film, However, the latter process must hawve been the
principal one leading to the observed time-dependence of

the active oxygen content in the thin oxide films (e.g. see

Figs. 43 and 54),



CHAPTER IV

DISCUSSION

1, INTRODUCTION

First, the potentiostatic steady-state kinetics of
oxygen evolution at oxidised nickel and silver electrodes
will be discussed. After this, development of an original
theory of the potentiostatic step charging method will be
presented, Experimental results obtained by this method will
then be compared with those obtained by other transient
methods, e.g. the potentiodynamic sweep end fast galvanostatic
discharging procedures. 'A concluding comparative discussion
on these results will then be presented.

A simplified theory of the kinetics of growth of oxide
films at nickel electrode surfaces will also be given. The
kinetic results will be discussed in relation to the charges
for oxide film reduction and the stoichiometry of the thin
film oxide layers formed at the electrode surfaces during
charging.

Finally a generalised discussion on hysteresis phenomena

which are commonly observed in relation to'charge and discharge

processes at nickel, silver, platinum, palladium, etc. will be

given.
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2. POTENTIOSTATIC STEADY-STATE KINETICS: EVOLUTION OF

OXYGEN AT NICKEL OXIDE ELECTRODE SURFACES

From the literature review given in Chapter I, it has
been noted that there is no wide agreement amongst the
kinetic results of various workers (e.g. 71-76,4,6). The
apparent discrepancies between the conclusions of various
workers undoubtedly arise because the electrode surfaces
involved in various experiments are not in comparable states,
or the electrodes were not prétreated in the same way.
Similarly, the thicknesses of various oxides may not have
been identical, Such differences in the chemical state of
' the surface oxides are almost certain to be reflected in
differences in the oxygen evolution kinetics; such effects
are indicated experimentally in the present work (see below).

It 1s therefore clear that further investigation of the
differing kinetic results for the o.e.r. at Ni must involve:
(a) closer examination of the degree of surface oxidation of
the nickel electrode in the steady-state at various anodic
potentials in relation to tﬁe kinetics of the o.e.r.;

(b) attention to the role of surface preparation of the
original nickel metal electrode that suffers surface oxidation
in the anodic process of oxygen evolution, and

(c) consideration of time effects in the surface oxidation

of the nickel. Potentiostatic procedures which have been




W
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employed in the present work serve to provide a better
characterisation of conditions under which (a) and (c¢) can
be studied.

Potentiostatic steady-state kinetics of evolution of
oxygen at silver electrodes were also investigated for
comparative purposes. These results together with information
obtained from potentiodynamic measurements will, hcwever, be
discussed in the later part of this Chapter (section 9).

In the case of silver, it is known that various well-defined
surfsace oxides of silver éxist and oxygen evolution commences
on the higher oxides (cf. ref. 85),

Comparison between the log[i]-v plots for 0,122 M aq,
KOH prepared according to the standard method and the high
purification technique (Fig. 18) for the nickel electrodes
annealed in vacuum indicated no substantial difference in
kinetic behaviour. This is probably because during pre-
electrolysis depositable impurities which might affect a
cathodic reaction are removed but these would usually not
affect an anode surface and the reaction proceeding thereon.
Anode depolarisers could, however, be removed as well,
Anodic reactions are generally much less sensitive to
impurities than cathodic ones. Based on this observation,
the KOH solutions for all the subsequent measurements were

therefore prepared according to the standard method (Chapter
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II, section 2(a)).

Similarly no substantial difference in kinetic behaviour
between the results obtained st eléctrodes annealed in vacuun
and in hydrogen was noticed (Fig., 19): the kinetic results
for these twe types of electrodes were, in fact, more or less
superimposible. However, electrodes prepared in purified
oxygen gave results which were very irreproducible and exhibited
variable Tafel slopes (Fig. 20). This indicated, as expected,
that the surface preparation of the original metal electrodes
plays an important role in the mechanism end kinetics of
oxygen evolution (cf. ref. 152). It seems that electrochemically
1dentical nickel surfaces are obtained when the electrodes are
prepared by heating in vacuum or iﬁ hydrogen; on the other
hand, surfaces of unknown and undefined nature (oxide) are
produced if the electrodes are annealed in oXygen. That a
very pure platinum metal surface is produced when that metal
1s annealed in hydrogen has been shown rgcently by electron
microscopic study by Sewell et al. (177).

As mentioned previously in Chapter III, values of the
Tafel slopes have been used in the present study as an
indication of the mechanism(s) of evolution of oxygen at the
nickel oxide electrode surface, In the linear log[i]-v
parts of the kinetic curves for nickel, the Tafel slopes

quite closely approximate to the values 2.3 (287/F) in the



Figure 55, Modified pH ~ potential disgram for the formation

of various nickel oxides (ref. 203: T.S. de Gromoboy

and L.L. Shreir).
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low potential regions (< 0.5 V) (except in the case of 14,3 M
KOH at 60° and 89°C) and 2.3 (2RT/3F) in the high potential
regions (> 0.5 V) for various temperatures and concentrations
of the ag. KOH (see Table III), although there is some
variation above and below these figures. However, the values
of the Tafel slope in 14,3 M aq. KOH at 60° and 89°C were
found to be close to 2.3 (RT/F) in both the high and the low
potential regions (Table III).

Possible elementary reactions in the o.e.r, at bulk
nickel oxide electrodes have been considered previously by
Bourgault and Conway (4,6,7,172) and a generalized scheme for
any metal was proposed by Bockris (77). It is evident from
the oxide charge information given in Chapter III (e.g. Fig. 40),
that the linear Tafel region for the o.e.r, at Ni commences
when an appreciable rate of change of oxide formation charge
Q with respect to potential begins to arise and when this
charge already exceeds that for a monolayer of "“OH",

Nickel 1s a weakly electropositive metal so that,
according to the pH-poténtial diagram (203) (Fig. 55), when
nickel metal 1s dipped in KOH soluticn, it becomes spontaneously
covered with a thin layer of oxide, possibly the hydrated
Ni(OH), spectes (25) (E° for Ni(OH), + 2e == Ni + 2 OH~ is
-0.72 V vs NHE (178,181)). The elementary steps in the

O.e.T., must therefore be considered as teking place (as in
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the case of bulk nickel oxide electrodes) on & surface layer
of oxide of thickness substantially greater than that for a
monolayer, Experimentally, it is also observed that prior
to oxygen evolution the bright electrode becomes dark.

In the schemes to be considered below, S will therefore
Tepresent a site on the surface oxide rather than on the

underlying metal.

From the schemes previously considered (4), the reaction

sequence
S + OH™ —_— S.O0H + e I
S.OH + OH —ow» S.0 + H20 + e II
25.0 —_— 25 + 02 III

will obviously give the observed Tafel slope of 2.3 (2RT/3F) 5
in the potential region above 0.5V when II is rate~controlling
independent of whether ultimate oxygen evolution proceeds by

III or by further elementary steps involving (77) species

such as S.0,0H. Some deviations from the limiting value of

b = 2.3 (2BRT/3F) for step II can occur, as pointed out by

Conway and Gileadi (173), when intrinsic heterogeniety of

surface sites is considered in relation to a Temkin-Frumkin
type of electrochemical isotherm for the potential dependence
of coverage by "OH" species, However, the experimental values

of b seem sufficiently near to the limiting value mentioned
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above for such effects not to require further detailed
consideration in this case.

The Tafel slopes of the linear regions of tﬁe log[i]-V
relation became 2.3 (RT/F) for 14.3 M ag. KOH at 60° and
89°C. Such a slope could arise for the same mechanism with

step II as rate-determining at intermediate coverage by "OH"

specles under Temkin conditions (6,173).

In the potential region below 0.5 V, at first a sharp
ascent of the log[ij—v plot and then a very short linear
region having an extrapoiated Tafel slope of ca. 2.3 ( 2RT/F)
is observed (see also ref. 18). This reéion corresponds to

oxidation of metallic nickel with a possible initial step

Ni + O ————» Ni/OH + e Ta

as rate-determining. It is this material in a higher oxidized
state on which subsequeﬁt evolution of oxygen commences at
more elevated potentials with increacing znodic pclarisation,
according to the reaction scheme I to III mentloned above.

An 1mportan£ aspect Af the present results (Figs. 21-25,
Chapter III) 1is the observation of anodic current-potential
relations exhibiting regions of negative Tafel slope, l.e.

reversal of the direction of the currént-potential lines.

- It is clear that on the basis of a scheme of elementary steps

such as I, II, III above, no explanation of a reversal of the
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Tafel line could be given (115), since I ana IT will always
increase in rate with increasing V and so will III since the
coverage QO by "O" species will alsoc tend to increase with
increasing Vv,

However the following discussion, it will be seen, can
provide a basis for these effects. Gilroy and Conway (115)
have given a general treatment for cases of this type and
an inhibiting species produced in the overall reaction sequence
is required; they showed that the coverage by such a species
must increase with potential at a greater rgte than the
reaction rate itself would otherwise increase due to the
’normal effect of potential on the activation energy. This

specles could be produced in an alternative mechanism (for

the overall reaction) or in a step in which two sites are
required for adsorption of the immediate product of that step
for every one required by the reactant involved in that step,

as In some organic oxidation reactions. Formally, step II could
give the required behaviour if "O" required two sites for each

one occupied by "OH", so that step II would be written as

- S\
SWOH + OH” + S— >0 + H,0 + e Ila
g7
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with a rate equation given by*
1og = 2F Ky Con=Sou(l ~ ©gy) explevF/r1]

where GOH 1s potential-dependent through I if the latter step
is at quasi-equilibrium (115,173).

Alternatively, if the parallel reaction pathway

S+ 0H ~—p S,0H+ e 1

S.0H + O — 3,0 + H0 + e 11
or

25,.0H — S.0 + H20 | IV
were involved, followed by

S.0 + 0T —n S.0.0H + e v

S.0.0H + OH® ——» S.O2 + H20 + e VI

S.0, — % S + 0, VII

or with 0, formed directly from V by

S.0., OH + O ———+ 38 + o2 + H20 + e VIII

the self-inhibition could érise as follows. If II were
initially rate-determining, oxygen evolution and surface

oxidation will proceed by the mechanism I, II, III so long as

*For such = case, Temkin adsorption conditions will probably
apply and an exponential term in coverage will be required (173).
However, this will not affect the general arguments to be
developed below. A detailed analysis of inhibition effects
under Temkin conditions has been given by Gilroy and Conway (115)
elsewhere,
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(on the above assumption) the rate constant k3 for step III
1s sufficiently large compared with that for I, viz,
k, exp[FVF/RT]. However, if 5.0 can be further oxidised
to S.0.0H (a type of oxidation state actually known in the
series of nickel oxides) in a step such as V, at higher ancdic
potentials S,0.0H will tend to replace S.0, so that III could
become inhibited both on account of surface coverage effects
and changes of activation energy as discussed previously by
Conway and Gileadi (173). As g0.0H became » s the kinetics
would no longer be mainly'characterised by the pathway I — III
but rather by I, II, V, VI, VII or through vIII. A further
llinear Tafel relation of normal sign of slope can then arise
when OO.OH >>OO end the overall rate becomes limited by a step
such as VI or VII.

More specifically for the above reaction steps, writing
K's for quasi-equilibrium constants for elementary reactions
prior to the rate determining step (cf. refs. 115,173), the
coverages eOH’ eo, eo.OH etq. will all go through maxima as
the potential increases. This can be seen, for examrle,
for eo which will be given by*

lezexp[2VF/RT]

o~ 1+K1expLVF/RTj+KlK2expL2VF/RTJ+K1K2K5exp[3VF/RTJ

©

£ (V)

+K1K2K5K6expE4VF/RT] 1

1
i

*Here it is assumed for convenience that constant OH- concentration§

is involved and this can be regarded as included in the K terms,
Only the exponential relationship between 6g and V is of interest

in this and other similar equations.
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so thatias the potential V becomes sufficiently large, the
exponentials with larger arguments in V wlll predominate,

If 02 evolution occurs through some 2lternate reaction
from S.OH, S.0 or S.0.0H in such a2 way that the species
kinetically involved at the surface are maintained in gquasi-
equilibrium, then the Faradaic current for O2 evolution wiil
80 through a maximum as potential increases, Possible

alternative steps (cf. ref. 4) are formally

25.0H + 20H" ——= 25 + 0, + Hn0 + 2e IIb
25.0 —— 25 +0, IX
S.0.0H ——> S5+0,+ H + e X

Then with step IX, for example,

2 2
1g = kg8y“ = k9[f1(V)]

When the surface is characterised principally by states
corresponding to "OH" specles (eOH'_’l)' a Tafel slope of
2.3 BT/2F results (cf. refs. 6,77) since the denominator of
[fl(V)] reduces to klexp VF/RT. As the surface becomes more
oxidised (S,0H— S,0, S.0.0H) at higher potentials, and for
Oo.op = 1, the denominator of fl(V) becomes (KlKZKsexp 3VE/RT)
and the Tafel slope 1is -2,3 RT/2F, i.e. an inhibition

reversal of slope will have occurred. Eventually in the

final stages of surface oxidation, on the basis of the above’
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scheme, the steps S.OOH-—-S.OZ; S.OZ——> S + 02 will pass
the current and the current-votential relation will regain
a normal positive slope.

Generally speaking, it is unlikely that the same reaction
path can represent the kinetics throughout the course of the
inhibition region, since once a reversal of the direction of
the Tafel line has occurred, the effects which have led to
this will continue to diminish the rate with increasing
potential unless another step with normal slgn of Tafel slope
takes control and provides again increasing current with
_1ncreasing anodic potential.

Incomplete reversal effects can manifest themselves in
& slight inflection of the Tafel line or as = region of
higher slope. In general such effects can be represented

Tormally by the equation:
1 = k exp[V/b] exp [-V/bt]

when~%,>'% » reversal of the direction of the Tafel line
will occur; if %, = % a2 limiting current arises, while if

%,1( % a change of slope of the Tafel line will arise.

A final possibility must be noted, viz, that at a certain
critical composition of the electrode surface oxide layer, a
weakly semi-conducting state'might arise so that the electron
affinity of the surface diminishes (insufficient density of

p-states at the surface [ef. current limitation at cathodic




Figure 56. Log Q - potential plot for charging of the nickel
oxide electrode in KOH solutions of wvarious
concentrations-and temperatures by different
methods:

(a) Fast galvanostatic reduction pulse; 1, 2

end 3 in 2,05 M KOH at 30°, 60° ana 83°C
respectively, and

(b) Fast galvanostatic reduction pulse; 1 and 2
in 6.7 M KOH at -30° and +30°C respectively.

(c) Potentiostatic step charging; 1 and 2 in
2,05 M KOH at 30° and 60°C and 3, 4 and 5 in

13.1 M KOH at 30°, 60° and 89°C respectively,

1-5 Electrochemically preconditioned; 6 in 2,05 M
KOH, 30°C, vacuum annealed, no electrochemical

pretreatment.
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Ge by low electron concentration] with a resulting fall of
current). This could alsoc be related to the diminished
reducibility of the surface oxide layer beyond the critical
potential corresponding to the maximum in the oxide reduction
charge-potential plots (Fig. 53, Chapter III, and Fig. 56).
The surface condition of the oxide film may thus directly
influence the rate of the primary discharge process I over a
certaln range of potential, The fact that similar "self-

passivetion" effects have .been observed in the o.e.r. kinetics

at Pt in alkaline solution studied in this laboratory indicates.

- that effects such as those mentioned above could not be the
general reason for the inhibition behaviour. Thus, some
speciel state of a thlick oxide filn 1s not necessary since
at Pt the formal degree of surface oxidation hardly exceeds
that corresponding to "PtO" in the region where self-inhibition
occurs (62). In the case of silver, a close correlation
does, however, exlst between current maxima for the o.e.r.
and the potentials for formation of various surface oxides
of silver as shown in Fig, 27.

Taking into consideration the results of Fig, 56 for
the nickel oxide electrode, it is clear that there is a
definite logarithmic relation between charge and potential
as 1s to be expected from the form of the above expression

for @ A slope (dV/dlog Q) of the value 2.3 RT/F would be

o.
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obtained if the condition of the surface oxide was such that

eOH — 1 since the expression for eo would then reduce to

&y = K, exp [VF/RT].

Although a logarithmic relationship is observed (Fig. 56),
the experimental value of the slope (dV/dlog Q) is however,
higher (ca. 0.220 - 0.250 V), a fact which at the moment
Seems difficult to interpret. It may arise on account of
the growth of the oxide at the electrode surface, a factor
which has not been taken into consideration in formulating

the above relation for 60. It is to be noted that the

‘ oxygen evolution kinetics are related to the bproperties of

the surface oxides through the type of surface sites available
while in relation to charge determinations it is the total
amount of reducible oxide at the surface which is involved as
& function of potential. This exceeds a monolayer over part
of the potential range in Fig, 56. Further discussion of this
point will be deferred until a later section (section L(d)).
The relation between the charge for oxide reduction and
the potential reveals one Very lmportant fact: it seems that
& close relationship between the self-passivation type of
behaviour in the log[i]-V relations and the occurrence of
maxima in the charge-potential plots exists. Both the

"self-passivation" and the charge maxima occur at a potential
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of ca. 0.9 V (e.g. Fig. 40), From the analytical results
(Fig. 53), it is also observed that at potentials beyond
ca. 0.9 V, the amount of nickel epparently oxidised during
anodic polarisation is smeller than that at lower potentials.
If the nature of the pre-treatment programme (Fig. 14) which
precedes the reduction transients is recalled, then it is
clear that the metal is polarised to the experimental potential
in a rectangular step each time a galvanostatic determination
of reduction charge is nade. Under these conditions, when
the metal is polarised at and beyond a potential of 0.9 V,
it passivates too soon owing to the rapid formation of a more
consolidated, electronically conducting oxide* film at the
metal surface. Thus, as soon as the metal is covered with:
one or two layers of this type of oxide (viz. Ni0.OH or Nioz),
the base metal virtually ceases to be oxidised further (54).
This effect can hence produce maxima in the relations between
potential and oxide reduction charge, and potential and the
amount of nickel oxidised (e.g. Fig. 53).

This explanation is consistent with the kinetic results.
At potentials beyond 0.9 V, when the higher oxide  nickel

*It is known that Ni0.0H and NiOp, are n-type semi-conductors
having high electron densities. The density of conducting
electrons in N102 1is such that this oxide has a greylish metallic
lustre and behaves almost like 2 metal (e.g. 53,56). .
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{viz. Ni0.0H or NiOz) at the surface starts to becone
predominant, a reversal of the current-potential relation is
observed as discussed above,

A kinetic hysteresis effect with respect to the
ascending 2nd descending current-potential curves is observed
under most conditions over the higher range of potentials
(Figs. 21-25). This effect becomes less apparent with
Increasing temperatures and more important with increasing
concentration of KOH, As mentioned previously (Chapter I,
~ section 2(c), (iv)), kinetic hysteresis 1s, in generzl, due
_ to "sluggishness" of some step or steps in the ascending
(change to more positive potentials) or descending polarization
processes.

Addition of Li* ions to the KOH solutions had the following
significant effects which are consistent with previous
findings by other workers (17,55,56,60,61,200): the limiting
(maximum) enodic current is somewhat diminished in comparison
with that observed in 2.05 M KOH (25°C); the hysteresis between
the ascending and descending curves is enhanced, i.e. it is
maintained down to lower c.d.'s on the descending line
indicating possibly an enhanced stability of the higher surface
oxlde species involved in the inhibition of the o.e.r. at
these potentials (61) and the oxygen overvoltage is increased

(55,56,200). The increase of oxygen overvoltage with the
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incorporation of L1+ lons into the lattice of "Nioz" at the
oxide/electrolyte interface has been explained (56) by considering
that penetration of cations of lower valency (Li") into an

oxide lattice having n-type conduction diminishes the concentrationz
of free electrons, thus lowering its conductivity, As the
conductivity through the oxide phase is lowered, the over-
potential is increased, This has been experimentally verified
by Lukovtsev et al. (56) by introducing, systematically, g

2+

lower valent (viz. L1+, Zn“", A13+, etc.) and higher valent

(viz. M06+, w6+, etc.) cationic impurities into the nickel
. oxide lattice. With the higher valent cations, an opposite
effect has been observed (56). According to another view
(200), the higher oxygen overvoltage is due to the increase’
in the surface concentration of higher oxidation states at

the electrode surface resulting from the inclusion of Li+ lons

in the oxide lattice (cf. ref, 53 and also 204% ),

3. THEORY AND PRINCIPLES OF THE POTENTIOSTATIC STEP
CHARGING TECHNIQUE '

The charges, Q required for the formation and reduction

* Very recent results of Tuomi et al. (204) on the Li to Ni

molar ratio (0.2 to 0,7) of the "B-phase" oxidation product o
(n-type semiconductor) and its Seebeck coefficient (ca. =100 V/K
at 1 mho/cm) hardly support the view that the electrochemical
oxidation product is LiN10,. This latter compound is = p-type
semlconductor and has a positive Seebeck coefficient,
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of the oxides (or O-containing species) at the electrode
surfaces were determined by the following transient methods:

(a) Potentiostatic step charging technique

(b) Potentiodynamic linear repetitive sweep method and

(c) PFast galvanostatic discharge method.,

In this section, first the theory and principles of the
potentiostatic step charging method as developed in the present
work will be described.

It was previously meptioned (Chapter II) that the
potentiostatic step charging method is similar, in principle,
~to Eigen's (133) relaxation methods for kinetic studies of
very fast reactions. Gerischer and Mehl (117) were the
first to apply a d.c. relaxaticn method to the study of
activation controlled electrode processes and to develop the
theoretical background for the potentliostatic step method
for calculating kinetic parameters for the hydrogen evolution
reaction.

According to Gerischer'!s calculation (117), the coverage
in the steady-state can be evaluated from the form of the
current-time transient observed, provided that the'various
assumptions made could be regarded as satisfactory. In
his calculation the rate constants are first assigned and then
by substituting these values into the equation for coverage,

the latter quantity may be evaluated. This procedure is




- 158 -

applicable oniy when (i) the adsorbed intermediates formed
electrochemically obey the Langmuir isotherm throughout the
range of coverage studied; and (ii) any uncompensated resistance
(iR) effect does not modify the shape of the transient and
hence the values of the rate constants derived (140).
However, in the range of intermediate values of coverage, the
Temkin type of isotherm is rather generally applicable (173),
and even a small variation in the apparent standard free
energy of adsorption for'the species concerned with their
coverage, can affect significantly the rates (173).

In order to calculate the change of charge associated
with adsorbzsd specles at the electrode surface from a
current-time translient arising from a rectangular potential
Jump, arigorous theoretical calculation has been developed
(ef. ref, 136) in the course of the present work, This
approach is free from the objections which have been raised
against Gerischer's calculations. It will be seen from the
principle to be described below that the charge associated
with change of coverage by the ad-specles resulting from a
rectangular change of potential can be determined by integrating
the area under the relaxation curve after applying the appropriate
corrections to be discussed below. It is to be noted that
any errors which might be introduced into the calculation of

change of charge on account of effects arising from any




- 159 ~

uncompensated resistance (iR) in the circuit, and with respect
to coverage effects under Temkin conditions, will be absent
in so far as the area beneath the transient (even if it
suffers some modification in shape) can still be evaluated,
In the present work, the method has been investigated
from a kinetic point of view for determination of the charge
associated with deposition of adsorbed species in activation
controlled processes when the overall reaction is also
proceeding at a significent rate, e.g., in the O.e.Tr, at
potentials above the reversible potentiel, - By considering
two of the elementary steps (77) in the o.e.r., at an anode
surface as model cases, a method is developed for calculating

the charge associated with deposition of adsorbed intermediates

at the electrode interface from the experimental current-
time transients for potential jumps, In such cases, the
potential step causes changes both in the quasli-equilibrium
surface coverage by adsorbed O-containing species and in the
steady-state velocity of the overall reaction which itself
usually depends on the coverage of the ad-species, It is
on account of the latter effect that this problem is complex
and requires special treatment which 1s described in detail
below,

In the potentiostatic step charging method (rectengular

step), the potential of the electrode is controlled at a



Figure 57. Schematic diagram showing the principle of the

potentiostatic step charging method.
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certain value say V1 by a potentiostat and when steady-state
conditions exist, the potential is instantaneously (of the
order of several m sec.,) raised to a certain higher value say
V2 and kept constant, while the charge (proportiocnel to the
coverage) and the associated charging current are allowed to
adjust themselves during a relaxation time'f to new values
permitted by the kinetics of the reactions and the adsorption
behaviour of the intermediates involved. After a certain
lapse of time related to 71, the charging current effectively
falls to zero, while the faradaic current gredually reaches

& new value which ideally then remains constant, The effects
involved are shown schematically in Fig. 57.

Calculation

The mechanism of evolution of oxygen at the electrode
surface in alkaline medium may, in simple cases, be represented
by (cf. ref. 77) the following schemes where "r.d." represents
the rate-determining step, and k's are the rate constants,

(A) Volmer-Horiuti type of mechanism:

. |
M + OH" —to M/0H(gaq.) *+ © (A)1
k L ]
-1

k

. 2
M/OH(ads.) + OH (-;—;) M/O(ads.) + HO + e (A)IX

2M/0 Jast v 4 0,(g) (A)IIT

(ads.)
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(B) Volmer-Tafel type of mechanism:

Ky
M + OH™ —T——‘ M/OH(adS.) + e (B)I
-1
Kk
2
M/OH(ads.) * M/OH(B.ds.) m M/o(etds.) + Hy0 (B)II
2M/0( 4as.) Tast oy 4 0,(g) (B)IIT

The reaction step I may be considered as being in a quasi-
equilibrium condition if a subsequent step Is a rate~
determining one, thus leading to appreciable'coverage of one
or more intermediates (the case of interest here). Step
IIT is assumed to have a relatively high rate constant end it
removes the species M/O(ads.) as soon as it is formed. |
In the subsequent discussion, we shall show how the
charge assoclated with intermediates in these two important
types of mechanisms for the o.e.r., can be calculated from the

experimental current-time transients.

Case (A): Volmer-Horiuti type of Mechanism: The reaction

under consideration is an activation controlled process and
so the rate equations are written in the usual way in terms
of potential; no diffusion effects are considered. The
rate equation for the forward direction of reaction (A)I may

be written in abbreviated form as
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i eSVF/RT (1)

1 = kl(l - 8)

for a given constant concentration of KOH where V is the metal -
solution potential difference and € is the fractional coverage
by OH(ads.) species, and § is the usual Br@gnsted-Volmer symmetry
factor. Correspondingly the rate equation for the backward
reaction in (A)I can be written as:

a4 = k. g.o-(1 - B)VF/RT (2)

and similarly for the other steps. In the present case,
© 1s a function of time t, so © will be replaced in the above
equations by et, the coverage attained 2t a given time in the

transient since we are concerned here with the non-steady-state

kinetics in contrast to those in the steady-state more usuelly
considered.,

Here the charge required to produce a given coverage 6
at the electrode will be proportional to the surface concentration
of adsorbed OH on the electrode surface. The time-dependent

net anodic charging current 1¢(t) i1s hence

le(ey = Y -1, -1,

= k(1 -6,) eBVF/RT “k_, ®, o~(1 - B)VF/RT x, © LBVF/RT

t
(3)



e
Sy

- 163 -

Again, fractional coverage et and charge q. are related by

dqt = Kdet = ic(t) dt (4a)

where K is the proportionality constant between charge and

fractional coverage; hence

de

o
lqe) = K3% (4b)

From equations (3) and (4b) we obtain

d Ot
dt
(5)

o~ (1-B)VE/RT _ \ o BVF/RT _

BVF/RT
kl(l-et)e ~k . 8 5 64

-1 "t

IT § = 0.5 and writing BF/RT = % then equation (5) becomes

£
dt = K &5, Pk, Pk, 5 e (é)
Let A =k, /% Bao(k e/Pix. e?/Pyk /P
1 ; 1 -1 2
then
de,
w=KrTse, °

which, upon integration, gives

K

t = 3 In (A +B et) + I
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where I is an integration constant, the value of which can be
calculated by considering the boundary condition: t = o,
et = ei, the initial value of coverage at the starting

potential Vl'

. = K
e o I——Bln(A+Bei)
A+ B et
. ¢ = BInETEE,
i
or
Bt/x _ At BE (7)
T~ A+ B e, ‘
1
“i.e.
A+ Bo®
_ _Bt/K i A

Bt/K . t

If Bt/K is quite small at low t, then e 1+ 38, so that

equation (8) simplifies to

6, = 0, + % (A +Be,) (9)

From the above equations (8) and (9) for fractional coverage

©® as a function of time (t) and implicitly potential difference

(V), through A and B, the fractional coverage et can be deduced

for two limiting conditions:

(a) When t — o, from equation (9), 6, = 6, - (10)




Figure 58, Variation of coverage (et) as a function of time (t)

for Volmer-Horiuti type mechemism. Values of e

are computed using equation 8, wifh values of

-4
kl = 0,01, k-l = 0.1, k2 = 0,001 and X = 10

coul, cm"z.
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Figure 59. Variation of steady-state coverage (et_“>) as a

function of potential (V) for

1. Volmer-Horiuti and

2, Volmer-Tafel type of mechanisﬁs.

Values of et=m are computed using equations 11 and
38 with values of kl = 0,01, k-l = 0.1, k, = 0.001

b 2

and K = 107 coul. cm <,
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and
A
(8) When t-—-o0, from equation (8), Ot eu = emax. = -3
i.e.
X, /b
€
max. X eV/b + k e-V/b + X eV/B
1l -1 2
k k -1
= D1+ gt em®/P 2 (11)
1 1
emax in the above equation is thus the steady-state coverage

at the electrode surface at the end of the transient
(V=V,, t =0,
It is of interest to examine the form of the time dependence
of © and hence of the pseudo-faradaic charging current and
the faradalc current for the oversll reaction. From a numerical

analysis, using selected values of the rate constants k k

10 Ko K

and the constant K, the value of et as a f(t) can be calculated
for a potential jump from v, to Vo«  The profiles of 6, ¥st
for potentiel jump and €. __ ¥s V are shown in Figs. 58 and 59,
respectively. From the nature of these model profiles we
shall be able to show how the coverage et’v can be obtalned,
in general, from experimental transients, using Fig. 60 and
the procedure described below.

From knowledge of et as a f(t), the charging current 10,

the time-dependent overall faradaic current iF and the total
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current iT for a potential jump Vl to V2 can be calculated

as functicns of time using the following equations:
ic(t) = A + B et [ from equation (3) ] (12)

e, initial = A * B 6,

ipcg) = 2k, O, e/ (for step II) (13)

and

Ioce) = Yr(e) *oto(e) .t ta.n.

The latter approximation follows since the current for charging

the double-layer for a small potenfial Jump is negligible.

Therefore,
_ - V/b -V/b V/b
1T(t) = 1F(t) + 1c(t) k1 e - k_let e - klet e + kzet
= A -c,et (15)
where
_ V/b -V/b V/b
C = k1 e + k-l e - k2 e

Calculating et, ic’ 1F and 1T all as functions of time for a

potential Jump from Vl to V2, a current-time transient can be

e

V/b




Figure 60, Profiles of charging current (ic), faradaic current
(iF) and total éurrent (iT) as functions of time (t)
computed, using equations 12, 13, and 14 with
values of k1 = 0,01, k_1 = 0.1, k2 = 0,001 and

b 2

K = 107" coul, em “ for Volmer-Horiuti type

mechenism.,
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constructed, as shown in Fig, 60,

As t—eoco0, 1c(t)_..o which can be seen easily by
substituting the value of 0, .. 1n equation (12), and iF(t)
becomes a steady new value measured on the ammeter. At
lower coverage and at lower metal-solution potential difference,
the feradaic current is very small and hence a relatively
large relaxation charging current arises. At higher potentials,
when full coverage is approached, the 1c(t) for the potential
Jump tends to zero and hence the measured current which is
the overall faradaic current attains its stegdy-state value,
virtually instantaneously. Thus 1t can be shown that the
"relaxation time" is a function of coverage, potential and
the k-values,

The charge and hence change of coverage is an anodic
current-time transient, for a potential jump V1 to V2, mnay
be calculated as follows: The method of calculation of charge
from the current-time transient, may be seen by considering
Fig., 60. The current at point D (Fig. 60) is

i _ 1 _ (16)
Ty(t =00, V), 8,) = "F,(t =e0, V), 6,)

Similarly, at M the current is

1 — 1 - |
Tyt =0, V,, 8,)="F,(t =00, V,, 6,) (17)
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Now when the electrode 1s charged in a rapid potentiostatic
step V1 to V2, the overall faradaic current momentarily shifts
from point D to E (Fig. 60) but gradually changes from E to

M exponentially, as the coverage changes with time since iF(t)
involves et. The charging current for the potential jump

V1 to V2 momentarily rises from a zero value to H and then
falls exponentielly with time to zero. The total charge
assoclated with the change of potential from V1 to V2 is then
the area between the curve ic(t) and the base line. However,
experimentally,the total cﬁrrent (”iF(t) + ;c(t)) 1s measured
and is represented by the curve LM, Therefore, the total

charge assoclated with the change of potential from V, to V

1 2
would be given by the area under the curve LM less the area

under the curve EM, Hence, the area ELM (Fig. 60) is the
required change of charge (proportional to 86) resulting from

the potential step V., to V2.

1
The same conclusions may also be reached as follows:

Since
a et

pee) = p(e) = te(r) T K@
or

Integrating
Qn - QF = KAS (18)
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where QT = total charge and QF total faradaic charge passed
for the overall reaction.

Experimentally, only the steady-state current at D (at
potential V,, coverage el) (Fig. 60) and the total current LM
as a f(t) for the pctential jump from v, to V2 are measured
together with the steady-state current at M (potential Vs,
coverage 92). Hence, for the calculation of charge, the
value of current at the point E (Fige. 60) is required i.e.,

the faradaic current at potential V2, coverage €., and at

1
t = 0, and the variation of faradaic current with time,

i.e., the curve EN.

The current at E in Fig. 60 (i.e. 1Fz(t = 0, el’ V,))is

calculated as follows:

v.,/b

i
Fy(t=o0, €,, V,)
and the current at D in Fig. 60 (i.e. 1T1(t=e°, 91’ Vl)) is

V,/b
7. (t=00, 6., V;) 2 ®1(t=c0, v;)*® (20)

Dividing equation (19) and (20), we obtain

Av/b

i =
Falt=o, 81, V5) = 1 (t=c0, 0, v)ee ~ (21)
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iTl(t=o0,e Vl) i1s an experimentally measured quantity and

eAV/b

l,

is known (AV = v, - Vl); hence 1F2(t=o, 81, Vp) °8N be

calculated. Since the faradaic current for the overall reaction

as a f(t) (i.e., curve EM) is not known, the change of charge
for the change of potential may be calculated graphically as
follows:

The horizontal line at M (Fig. 60) representing the
steady-state faradaic current at 82, V2 and t =0 is extended
to meet EL at s point G. The area GLNM is calculated, and is
& fraction of the totsl change of cherge for.the potential
Jump, as shoWn below.

Since ic(t=°°) = 0, the current represented by the

horizontal line GM in Fig. 60 is

1 i
Fz(t=°°g 629 V2) T(t=o0, 629 VZ)

Therefore, from equation (15)

i -1 ' = «- C|O, -8 ]
T(t) Folt=eo, 0,, V,) F £ ( t=eo)

(22)
Since
d o
K3t~ = A+8B O = 1ty
or
K (da e./dt) - A A
9t= B and e(t:oo) = - g
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Equation (22) can be written as

K (d Gt/dt)~— A

' A
i —i =-’-C 4+ =
T(t) F2(t=°°, 62, V2) F B B]
__C %
N B dt
or
1 dt - 1 at=-SKae
T(t) F (tzee, 6, V,) B t
2 2 2
Integrating from t = o to a time t
t ¢ (t=eo
S[iT(t) = 1p (t=oo, B,, V )]dt"EKSdet
o] 2 2 2 8
T t=o0
.
--BKAe (23)

which is the area GLM, Hence we obtain the fraction % of the

required A6, so that
KA® = change of charge = = % x [area GLM ] (24)

The fraction - % 1s estimated as follows: Again, from

equation (22),

V) " ir(t=co, 0,, V) T 7€ (8 (ta0) = ©(teey]

(25)

1
T(t=o, ela 2)

and

]

1p(t=eo, 0, vz)“in(t=o, oy, V) =(B+C) 8(y_y) + (B+C) o ¢ _ )

(B+c) [0, _, - © _; ]
(t=o0) (t=e) (26)

where
1T(t=o, 6y, V) = momentary total current et L (Fig. 60),
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= . \
iT(t=00, V,, 6,) = current at G or M (Fig., 60)

and

1F2(t=o, 6y, V2)=momentary faradaic current at E (Fig. 60)
(i.e. 1 _ exp AV/b)
Fl(t"'m) el’ Vl)

before © has had time to change,

Dividing equation (26) by equation (25),

'T(t=e, 6, V,) 7 F,(t=0, 6, V,) _.Be_ B,
“T(t=o, °1, V2! - ip(tee, €2y Vp) ’ ’ (27)
-Let
'(t=eo, 0,, V,) " I _(teo, 6,, v,) = ¥ (see Fig. 60)
2
and

, V2) = R (see Fig. 60)

Yp(t=o, 01, V,) Ip(teeo, e,

Then equation (27) becomes

-
c

i

+ 1

]

Substituting the value of - g in equation (24), the change of

charge for the potential Jump is

kte = LRy [area cin] (28)



- 173 -

T and R can be calculated from the transient as shown in
Fig. 60; the area GILM can be directly measured and hence the
change of charge K86, calculated.

Thus, the change of charge associated with the change of
coverage by the adsorbed intermediate for each potential jump
can be calculated, and by adding the increments A® for each
AV, a profile of charge (or coverage) vs. potential can be
constructed. Slopes of this profile give the differential

pPseudo-capacitance Cd because

A . da
AV T Qv = Cy4

The theoretical profile for the differential capacitance vs

potential can be constructed for comparison with the experimental

one, The capacitance is obtained by differentiating equation (11)

with respect to potential, since

d e
- (t=o0)
Cg = K3y
Thus, from equation (11), (cf. ref. 175, q.v. for the shape
of the profile under Langmuir conditions)
K

Cy = 3 - V7652
g b[kl eV/b+k- V/b+k2 . /]
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Case (B): Volmer-Tafel Type of Mechanism: Considering now

the radical recombination step B(II) as the rate determining
one in the o.e.r., we can write the time-dependent charging

current ic(t) as ebove, in the form

/ -
Je'/® o, /P - x, o2 (29)

-k 5 6

Lo(g) = %(1-8

which differs from equation (3) only in the last term. Again,

using equation (4b) with equation (29), we obtain (cf. equation

6),

. ‘ ae
V/b V/b -V/b 2 _ . 98¢
k1 e -6, (kl e +kqe ) - k, 6 =K 3T
(30)
or
a e
dt = K V75 V7o : V7o 3
ky /7 =0, (ky e + Xk ;e ") -k, 6F (31)
Let A =k e/ Bt = -(k /P 4+ k 1 e"/P)ang ¢t = ~k,;
1 1 -
then equation (31) takes the form
d e, , !
dt = K 5 (32) ;
[ N
A+ B' o +C' ey ,
Integrating equation (32),
K 2C' &, + B! - (7§ |
t = ——‘F-— in t + 1 (33) ?
1 2C' 6, + B! + J=q |

t



| e

-.175 -

where q = BACY - B" and I is an integration constant,
After evaluating I from the boundary condition t = o, et = 61,

equation (33) becomes

t t - H ! »e
. - j{__ln 2Ct @, + B J—qxzc e; + B + [
4 2ct e, + B' + [-qg 2C' e, +B' - [
(34)
or
2Ct @, + B' - J=§ 2C' @, + B' + J[=§
explt J~q/K] = t p' 1 7
2C' &, + B' + J-q 2C! e, +B' - [-g
(35)

Solving equation (35) for et,

2C* 6, + B! + [-q .
2C! e; + B' - J-q x (B! - J:E) x expl ~t JZQ/K]-(B:+ <9

v oo2ct 21 8, + B! + o4
1 - = expl -t J=a/K]
L 2¢t 8, + B' - =g

(36)
Thus, equation (36) gives the variation of coverage in
mechanism [B] as a function of time for a potential jump.

From this equation two limiting ceses can be usefully considered,

Limiting cases:

() When t = o, 6, = 8,3 (37)

t
and (p) when t = o0
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Figure 61. Variation of coverage (et) as a function of time (t)

for Volmer-Tafel type mechanism. Values of et

are computed using equation 36 with values of

-l
ky = 0.01, k_y = 0.1, k, = 0,001 and K = 10™"

-2
coul, cm ~,
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-{ B* + J=q)/2C!

V/b ~V/b { . V/b V/b
-k, e - k_je + {4k ke + [k,e + k

t=o0)

le—v/b]z} i

2k2

(38)

The steady-state coverage et o for this reaction can also be

obtained by considering equation (30). Since © is constant,

t;-_-oo
d Gt_w
dt- = 0, Therefore, the right hand side of the equation (30)
is zero when ®, is replaced by ©,__, and so the quadratic
equation
V/b v/ b -V/b 2
k) e = Oltaoo) (Kye + k_je ) - kK 8(tow) =0

is obtained having roots given by

g"V/P + [[klev/b + k_

2 k

2 V/b) %
x.eV/? _ g o-V/0]% + bk ke } 2

1 -1 1

2
which is the same as equation (38) when the positive case in

the third term is taken. e(t) as a f(t) and © as a f(V)

t=o00
ere shown in Figs. 61 and 59, respectively.
Thus, knowing €, as a f(t), the component currents as

f(t) can be written down as follows:

1c(t) = A+ B'e,+C et2 (39)




Figure 62, Profiles of charging current (ic), faradaic current
(iF) and total current (iT) as functions of time (t)
computed using equations 39, 40 and 41 with values
of k) = 0,01, k ; = 0.1, k, = 0,001 and K = 107"

-2
coul, cm ~ for Volmer-Tafel type mechanism.




(095 w)  3wWIL
8l ol bl 2l ol 8 9

(»00='A) L

(@=14'60=20"(A)90°0= 3A) 4 3

(A) 20°0=AV

(z-wd 0) Ol X!




W

- 177 -

= 2 . \ 2
Ipg) = 2K8.° = -2Cv e (40)

and

. . L 2

As in the case of the ion-radical recombination mechanism
(A)II, we can construct the current-time profile for the
potential step Vl to V2 assuming certain values of the k's
(Fig. 62). In this reaction mechanism, the faradaic reaction
step (B)II is only indirectly potentisl dependent. The zrea
ABE (Fig. 62) is equal to the change of charge for the potential

qump from Vl to V2’ i.e.,

, t
(o)

(s
(42)
Here also, since 1F2(t) as & f(t) is not known, the change
of charge can be calculated by extending the horizontal portion

of BE in Fig, 62 to meet AB at D, and then calculating the area.

Therefore
4 -1 = A+Bro, -C o2+ 20t 82,
T(t) F2(t=oo) t t (t=ow )
(43)
Again
2 d 6,
iC(t) = A + B! 6t+C' Gt =~°K——"""dt
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hence
d et >

= K —f -cCle, )

A + Bt et 3t

Combining equations (43) and (44)

da e

-t _ 2Ct @

. _ 2
p(g) - 1F2(t=oo) T

] 2
& - 2Ct e(t=m )

which upon integration gives,

t t
: . _ 2 2
S [iT(t) - ’Fz(t.—.m )]qt = k#e - 2C! j [et = (teo ) Jat
(o} (o]
= [area DBE]
Therefore the charge = kM6 = [Area DBE] + 2¢! [etz-e(zt___m) TJdt

[Area DBE] + 2k

(45)

The integral in the equation (45) is positive and its solution
is in this case very difficult; however, it can be neglected
when the AV is small, the fractional coverage © is low and

k2 is very small, Under tﬁese conditions, although the

correction is positive, it can be neglected so that

Khe + [Area DBE] (46)
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For the mechanism (B)II the error involved in the
calculated charge for adsorbed species will not be quite
negligible when the potential step is bigger and the coverage
is higher, Under these conditions the integral in the
equation (45) would have to be evaluated; for successive
small steps, the error would be cunmulative,

The capacitance caﬁ 8lso be conveniently calculated by
differentiating the charge ¥vs potential profile. The theoretical
value of the pseudo-capacitance C¢ under steady-state conditions
can be evaluated by differentiating equation (38), and this
profile can be compared with the eXxperimental one, Thus

(ef. Tef. 175)

- 2k k.eV/Pyy 262V/b_y 2,-2V/b
C= =5 | k. eV/Pyy -V/b, T2 - 1 -1 .
g 2k,b| "1 -1 [4klk2ev b+k12 eeV/b+k_§ e-2V/b+2klk_l]2

The above treatment for the potentiostatic step charging
method can, of course, also be used for direct experimental
determination of pseudo~capacitance, Cd, as a stepwise function
of potential, V. Expérimentally, the change of cherge, Aq
for the change of potential, AV, is determined over a number
of successive changes of potential in the whole experimental
potential range, If AV is very small, the change of cha;ge

in the short potential region can be assumed linear. Therefore,




Xt

-.180 -

the differential pseudo-capacitance, Cﬁ' at potential vy o+ LAV

can be obtained approximately as

. 8 . Aq
Cq4 = & = &

From these values of pseudo-capacitance st various potentials,
a pseudo-capacitance ¥s potential profile can be constructed.
The treatment given above for surface charging will
obviously be more complex when a potential step produces a
change of oxide film thickhess in addition to a change of

coverage by oxygen ad-specles at the solution interface of

"the oxide layer, Since the correction for charge passed in

Faradaic oxygen evolution processes wlll probably apply,
however, as well to the electrochemical processes occurring'
on the surface of the conducting oxide (4) as they do to the
initial processes occurring on the metal itself, it has seemed
reasonable to use the analyses proposed above for the treatment
of experimental results for such cases, particularly as only
small correction terms are 1ﬁvolved. The only complication
may be the involvement of overshoots or undershoots (176)
but 1t is unlikely that these will be significant with nickel
oxlide films which have appreciable electronic conductivity.
Reéults obtained by the step-charging method have been

presented in Chapter III and will be discussed further below.
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Ly, NON-STEADY-STATE MEASUREMENTS: CEARGE AND PSEUDO-CAPACITANCE

BEHAVIOUB OF THE NICKEL OXIDE ELECTRODE

Applications of the potentiostatic anodic step charging
method have been made to the study of the involvement of
surface oxide species in the oxygen evolution reaction at
nickel electrodes in alkaline solution. The potential
range covered included a region where faradaic oxygen evolution
can occur, Under these conditions, a method based on the
principles described above must be adopted, since currents
of both & faradaic (for the'overall reaction) and a pseudo-
faradaic (for the surface charging process) érigin pass in a
éommon range of potentials. The potential sweep method
under these conditions yields results which are difficult to
interpret. Comparison of the results obtained with those
from the latter method and from the galvanostatic reduction
method is made over appropriate ranges of potential. The
formation of various oxlde species at the electrode surface
is indicated by studles on the stoichiometry of the oxide (to
be discussed in a later section) as determined by chemical

methods.

(a) Discussion of Potentiostatic Step Charging Results

(1) Development of Surface Oxides: From the

potentiostatic measurements of the steady-state anodic log[i]-V

relations for nickel electrodes, the Tafel slopes observed
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(below the self-passivation region) indicate that the ion-
discharge or the ion-radical type of recombination mechanism
might be operative for the metal oxidation process as well,
depending on the potential region.

From this indication of mechanism of the o.e.r,
on the oxidized nickel surface in alkaline solutions, the
appropriate method of calculation of the charge associated
with adsorbed intermediates was applied using the potentiostatic
step procedure described above. It should be mentioned that
in the absence of any appreciable faradaic regction associated
with production of final reaction product (02), the potentio-
sfatic step charging method can also be uced for the determination
of the charge associated with change of coverage by adsorbed
speclies involved in the overall reaction, irrespective of the
detailed mechanism, since for this condition, the area between
the current-time transient curve and the final steady-state
current line then represents quite accurately the charge
passing for surface oxidation of the metal (or for the
formation of ad-species) for the potential Jump AV (see
Fig. 28 a). Wnen oxide continues to grow beyond the
monolayer stage as is the case here (see Fig. 56),the
potentiostatic step charging method can still, of course, be
used. The corrections for faradaic oxygen evolution current

are then relatively small and a simple approximation for
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estimation of the charge passed due to co-svolution of oxygen
cen be made by a geometrical procedure on the records of the
charging trensients with an accuracy of ca. 4-5%7,

On the above basis, the charge for formstion
of the surface oxide film was calculated for each potential
Jump from the experimental current-time transients. Addition
of the cherge increments gave the charge, Q VYs. potential, V
profile shown in Figs. 29, 31 and 32. Differentiation gave
the pseudocapacitance (dQ/dV) profile (Figs. 30 and 33),
which is alnost symmetrical about a2 potentisl of ca., 0.5V
(= 1.43 V vs H2H+); the exact value depends on temperature
and concentration (Fig. 30). The Q-V profile may represent
(ef. ref. 179) progressive oxidation between oxide states

represented by

Ni(II) — Ni(III) + e I
or

Ni(II) — Ni(IV) + 2e II

The standard reversible potential* for oxide formation in

alkaline solution by a reaction such as I was found (7) to be

*The E° value for reaction I seems to be higher than the E©
value for reaction II., However, EC for reaction IT may be
quite uncertain because the value for the free energy of 4
formation of "NiOo" is not well known since such material is
not well characterised chemically. Foerster's experimental
data may refer rather to the formation of "NiO.OH" than to

"Nioz"( see p. 31+ ).
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0.425 V vs Hg/HgO and that for reaction IT is recorded (12,
178,64) as 0.49 V ¥s NEE (i.e. E® = 0.392 v vs Hg/Hg0).

Except initially, the thickness of oxide layers on anodized

Ni is sufficient for such potentials to be chemically meaningful
so that below this potential (i.e. EC = 0.5V vs Hg/HgO), Ni(II)
Species predominate in the surface oxide layer. Also from

the thermodynamic potentials, it is clear that as soon as the

- electrode is dipped into KOH solution, Ni(OH)2 will tend to be

formed on the metallic surface; thus, Weininger and Breiter
(25) observed by electron microscopy that N;(OH)2 vas formed
spontaneously in XO0H solution, without the application of an
éxternal field, to the extent of at least 1 or 2 layers on
single- and on poly-crystalline nickel, Above this potential
(E® = 0.5 V vs Hg/HgO) oxygen evolution therefore occurs
(cf. ref, 7) through the formation and removal of NiO.OH
Sspecies or some other specles corresponding to a higher state
of oxidation,

Various pathways may be proposed for the
Inltial stages of oxidation of metallic nickel involving states
such as Ni(OH)z, NiO.0H or Nio2 (47) which may also be involved
in 0, evolution. Since the E° values for the oxidation
brocesses I and II are close together, both processes may
occur simultaneously in anodization (cf. ref. 30). In the

case of 02 evolution on the oxide surface, surface oxide species
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must provide the sites at which OH 1ions are oxidised

liberating O In representations of such sites by chemical

2
formulae (cf. ref. 77) it is not intended to imply that species
of such stoichiometries are typical bulk substances nor that
the surface layer has necessarily & homogeneous composition

of such stoichiometry. Even with impregnated nickel oxide
electrodes, the experimental evidence (4-7) indicates that

the surface layer may have a higher degree of oxidation (56,87)
than the buik under anodic'charging conditions.

(11) Electrochemical Charging Behaviour: The

charge Q associated with formation of the species on the

electrode surface was determined by the potentiostatic step
method also starting from -0.92 V (i.e. 0.006 V vs. H2/H+)
using a fresh electrode annealed in purified dry hydrogen.
The Q vs. V and C vs. V profiles are shown in Figs. 32 and 33,
respectively. The first small peak (Fig. 33) at -0.6 V, it
seems, may be due to dissolution of any atomic hydrogen ab-
or adsorbed during the preparation of the electrode and the
second peak at 0.5 V to the oxidation of the metal to Ni(OH)2
and on to Ni0.0OH and higher oxides (cf. ref. 25,26). The
estimated charge corresponding to the peak at -0.6 V is too
small to be realistically considered as being connected with

the metal oxidation except perhaps at active regions.
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Supporting information was obtained from the
non-steady-state current-potential profile resulting from the
application of a repetitive linear sweep (cf. refs. 25,26)
at the nickel electrode in XOH solution (Fig. 34) (see below).
Since the current-time relationship obtained by the potential-
sweep method can be transformed into a cepacitance-potential
plot by simply changing the units on both coordinates (163,164),
the non-steady-state current-potential relationship shown in
Fig. 34 also represents the capacitance-potential profile
analogous to Figs. 3C and 33 obtained by the potentiostatic
step method. This conversion can only be made, of course,
in ranges of potential where & negligible current for the
overall faradaic reaction passes. The first small peak in
Fig. 34 a,c (near -0.6 V) is similar to that in Fig. 33.

The total charge for anodization of a fresh
electrode by the potentiostatic step method was found to be
appreciably smaller than that for an electrochemically
preconditioned electrode (seé Figs. 29,31 and 32) but the
Q vse. V profille was similar. This effect may be connected
with the possibility that the thermally annealed metal has
different crystal face exposure (cf. ref. 180) at the surface
than that at the electrochemically preconditioned electrode.
Thermally annealed nickel has larger grain size than electro-

deposited material which normally has & characteristic
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dendritic structure (180) (except when prerared from special
bright plating baths). This discrepancy may also be due to
the fact that the thermally annezled metal passivateé more
quickly by forming 1 or 2 layers of relatively conducting
oxide film at active regions on the surface, whereas the
electrochemically preconditioned electrode is probably
initially covered with a prepassive film of Ni(OH)2 which
takes more charge for its oxidation or becomes more active
after pre-conditioning (cf. Fig. 8),

In a series of comparative measurements, the
~results from the step charging method were compared with those
from the fast galvanostatic reduction method (Table Iv,
Chapter III) in order to assess the reliability of the step
method, From the results (Table IV), it is seen that the
maximum charge for oxide reduction at the highest potentiel,
estimated in a galvanostatic transient, was about 20% more
than that determined by successive anodic potential-step
charging transients, This-discrepancy may arise because oxide
was continuing to grow slowly but significantly between
consecutive potential steps. In a separate set of experiments
at various constant potentials, the cha:ge for oxide reduction
was, in fact, found to increase approximately logarithmically
with time (87) as shown in Fig, 64, Similar behaviour is

even observed at platinum (63). The growth of surface oxides
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as a logarithmic functicn of time was also recently cbserved
by Makrides (182) at gold and by Sato et al. (183) at iron
electrodes. Since the growth rate will obviously be slower
at low (e.g. -30°C) then at high temperatures, the discrepancy
between the charges determined by the above mentioned methods
is smaller for the measurements conducted at low temperatures
than for those made at higher temperatures.

(b) Discussion of Potentiodynemic Linear Repetitive

Sween Results

A typical poteﬁtiodynamic i-V profile obtained at
e nickel electrode in ag. KOH has two significant peaks in
the charging (anodic) direction and one oxide reduction peak
in the discharging (cathodic) direction of scanning. As
mentioned in the section above, the first small charging peak at
about -0.6 V can be associated with both the dissolution of ad-
or absorbed atomlc hydrogen as in the step measurements (Fig. 33).
Thls 1s supported by the fact that when measurements were made
for the scanning potential ranges under such conditions that no
hydrogen evolution occurred, (i.e. only NiO.OH couid reduce
to Ni(OH)z) the smell peak at -0.6 V disappeared (Fig. 34, b,d).
Unlike the case of platinum, no H adsorption peaks are obgerved
for nickel electrodes. This is probably because hydrogen
already starts being evolved on Ni(OH)2 itself (54) and hence
there is no sharp boundary between the processes of (evéntual)

reduction of Ni(OH), to metal and the adsorption of hydrogen
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at the metzl surface,

The second anodic oxide Tormation peak, which
occurs at a potential of ca. 0.5 V, represents mainly direct
oxidation of Ni(OH)2 to Ni0.OH (16,29,35) or via NiO2
(12,13,47) or to both simultaneously {30) and oxidation of
more metallic nickel as well (film growth), These processes
are usually accompanied, to some extent, by the overall
faradaic reaction* of oxygen evolution because the reversible
potential for this latter process (E® = 0.401 vs NEE) is

close to that for the former process(es) (E® = 0.5 vs NHE),

The peak corresponding to the reduction of

Ni0.OH to Ni(OH), occurs at a potential of ta. 0.35 v, |
Appreciable hysteresis between the brocesses of oxidation of
and reduction to the lower valent oxide species (viz. Ni(OH)z)
at the electrode surface therefore exists. The potentials
at which the peaks occur, however, depend significantly on |

the sweep-rate (87,163,164), the scanning potential range*#*

* The Faradaic oxygen evolution reaction may, of course, have
different overvoltages on different kinds of oxide specles,

*#%This is probably related to the varying oxide film thicknesses
developed at the electrode surfaces in different scanning
potential ranges through the ohmic overpotential (iR) effect
within the film,
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and concentration and temperature of the KOHR solutions
(Fig. b44),

The charges Q passed during a linear anodic sweep
oxidation of the lower valent nickel oxide (Ni(OH)Z) to
higher valent oxides, and during reduction of higher valent
oxides to the lower valent one, are given in Table V,

The Q values are in fairly good agreement with those measured
by galvanostatic reduction pulses provided the proper pectential
ranges are considered. It is observed, as expected, that

the slower is the sweep-rate, the greater is the charge for
surface oxidation, and that at low temperature (uBOOC) much
smaller charges ere involved. An important point is that the
oxides of nickel are not reduced to the metal unless the oxide
electrode is kept potentiostatically in the cathodic potential
region for some time (cf. Section 3 (f), Chapter III and

ref. 54). Thus, it has been shown indirectly (Chapter III,
section 3 (f)) that under galvanostatic conditions, hydrogen
gas can be evolved on the lower valent oxide surface itself,
as observed previously in ellipsometric experiments (54),

The formal change of valency for the oxidation and
reduction processes (for example, 1 in the oxidation of
Ni(OH)2 to Ni0.0H or 2 for Ni(OH)2 to NiOz) in the sweep
experiments cennot be deduced simply from knowledge of the

charges corresponding to the different peak areas because
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corplications due to oxide film thickening and change of
degree of oxidation in the film usually arise in the case of
nickel,

The significance of oxidation or reduvction charges
determined in sweep and other electrochemical experiments
must be elucidated by complementary chemical experiments,

In the next section some aspects of this approach will be
discussed,

(¢) Discussion of Fast Galvanostatic Discharge Results

The charges associated with reduction of oxygen-

contalining species at the electrode surfsce in KOY solution

.at various concentrations (2.0 M to 14.0 M) and temperstures
(from -30°C to +90°C) were determined by fast galvanostatic
reductions from controlled anodic potentials at 0.05 V intervals
and the charge (Q) ¥s. potentizl (V) profiles were constructed
(Fig. 39). The Q vs. V profile has & maximum &t ca, 0,8V
or 0.9 V., Comparison with the steady-state log[1]-V plots
(e.g. Fig. 40) shows that in the region where self-passivation
occurs, the quantity of cathodically reducible oxide gradually
decreases, and the chemically determinable (Fig. 53) amount of
nlckel oxidised also decreases.

Up to the potential at which the charge maximum
occurs, the Q vs. V profile has the same shape as that observed

in a V - t transient (Fig. 38 a) from a galvanostatic pulse,
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as would be expected in the absence of an appreciable
faradaic current for 02 evolution,

The apparent decrease of charge with increase of
potential (cf. Fig. 39) (beyond the maximum) may be due to
the fact that (i) a self-discharge process occurs at high
potentials simultaneously with the electrochemical reduction
during determination of oxide charge in a galvanostatic
cathodic pulse and/or (ii) metallic nickel is oxidised
insvfficiently rapidly dgring the fast charging producing
only a relatively thin film of oxide (perhaps NiOZ*) having
electronic conductivity comparable to that of the metel, i.e,
a passive oxide film is formed directly. The self-discharge
process may correspond to an electrochemical decomposition.ef
"Nioz" at the surface of the thin film oxide as discussed
previously by Conway and Bourgault (4-6) or to chemical
decomposition (c¢f. ref. 71) of "NiO," on account of its
instability at the surface of the oxide film (see Fig. 63).
Both processes will lead to a lower valent compound, viz.

"N1203" or Ni(OH)z:

LUN1O _— 2"N1,05" + 0,

IT

2"N102" + 2H20 —_— 2N1(0H)2 + 0,

*¥See footnote on p. 154,
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In order to account for this loss of electrochemically active
oxide material, experiments were performed in which the
electrode was polarized potentiostatically to a certain
potential for a definite period of time after the usual
pre-conditioning programme (Fig, 14): the elecirode was

then kept on open-circuit for various known periods of time
(Tb), after the lepse of which a fast galvanostatic cathodic
pulse was automatically applied (see Fig. 38 b). From the
plot of charge remsining z§.7fD (Fig. 42 a), it is observed
that the extent of loss of charge due to a surface self-
discharge process is ga. 20% or iess, It is also found, as
expected (4,5,6), that the extent of loss of cathodically
reducible material 1is potential-dependent (Fig. 42 b). A
similar effect arises in the cathodic transients themselves
(Fig. 41); as cathodic c.d. is decreased, the cathodic
reduction charge Q decreases presumably for the same reason,
since the transition time is longer. This latter observation
also supports the view that the galvanostatically determined
charge does not include the charge contribution due to reduction
of molecular oxygen dissolved in the solution: since this
process 1s a diffusion-controlled one, more charge rather
than less would have been measured in a slow galvanostatic

transient than in a fast one.
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However, since the loss of charge arising in the
self-discharge process is only 204, it cannot alone account
for the appearance of a meximum in the Q Vvs. V profile
(Fig. 39). Threrefore a relatively smaller quantity of
metallic nickel must have been oxidised during the fast
galvanostatic charging process. This seems quite probable
because in the pre-treatment progremme (Fige.14) the electrode
was usually polarised immediately to the experimental potential
in a single rectangular step and then kept at this potential
for 2 mins. before the galvanostatic discharging pulse wes

eapplied, Under these conditions, at potentials beyond ca.

0.8 V or 9,9 V, the electrode metal becomes repidly oxidised(cf. pn 192)

to such an oxidation state that the surface oxide acquires .
good electrcnic conductivity and hence passivation of the

metal o:ci.d'ation process (cf. ref., S4) sets in. Consequently,
smaller quantities of charge are required to form and hence
reduce the film at potentials exceeding ca. 0.8 V so that a
maximum in the Q vs. V profile results, These conclusions

are consistent with the analytical results (Fig. 53) in which
& maximum in the plot of the amount of nickel oxidised vs.
potential is also observed at the same potential es the maximum
in the charge for oxide reduction.

From this information, it can be deduced that the

higher oxidation states of nickel, viz, Ni(III)0.0OH and
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Ni(IV)O2 predominate in this potential range giving the oxide
film at the surface good electrical conductivity (one of the
conditions for passivity). Both these oxides are n-type
semi-cenductors and have'high density of conduction electrons
(ef, refs. 56,53). This view is again consistent with the
experimentally determined stoichiometries of the thin Tilm
oxide material: the mean oxidation state of nickel in the
oxide film exceeds + 3 at potentials higher than 0.8 or 0.9 V.
(Table XI and Fig. 63, section 5). This matter will be
discussed in more detail in section 5, The fact that the

exact potential at which the maximum in a Q ¥Ys. V profile

occurs depends on the experimental temperature also svpports

the above proposals.

From Figs. 29 and 39, or 56, it is seen that when
the electrode is oxidized in a potentiostatic step, much less
oxidation charge is taken up, This apparent difference may
be explained by the fact that in step charging, owing to the
progressive application of higher potential differences Lo
the electrode (in addition to any previously existing
potential difference) the passive oxide layer already formed
at the electrode surface cannot grow appreciably during the
short duration of the pulse, whereas in the fast galvanostatic
reduction pulse method, the electrode has been initially.

polarized potentiostatically at a potential for 2 mins.

e
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during which period, under the influence of high field, the
Prepassive oxide ( Ni(OH)2 ) layer which has been formed
initially by metal oxidation grows and hence takes further
charge for oxidation to a greater thickness and/or higher
state of oxidation.

(d) Foru of Oxidation Charge-Potential Relation:

Logarithmic Behaviour with respect to Charpe

From the determination of Q as f(V), it was
considered of interest in relation to the kinetics (section 2)
to investigate if any logarithmic region of the oxidation

isotherr existed, The resulting plots are shown in Fig. 56,

The Q values were determined independently by galvanostatic

reduction and potential-step oxidation, At various
temperatures and KOH concentrations, there is evidently quite
generally a logarithmic relation (Q ~ f(exp[ XVF/RT]) as

proposed in section 2 of this Chapter., However, the slopes
(dV/dlog Q) are in the range 0.220 - 0.250 V, 1.e. ca.2.3(LRT /F).
Within experimentel uncertainty, dV/dlog Q for the fresh
electrode, surprisingly enough, has the same value up to the
monolayer region as for multilayer formation at preconditioned
electrodes, although there is some indication of two populations
of points in the galvanostatiec reduction data for the
preconditioned electrodes (Figs. 56). The continuity of the

log plots and the similarity of their slopes for fresh and
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preconditioned surfaces suggests that the oxide may be laid
down in patches or domains (cf. the circular and hemispherical
growth behaviour which has been considered previously (184,185))
prior to attainment of nominal geometrical "full coverage',
At higher potentials and/or for Q > ca. 20 mc. cm™2 , 8
limiting degree of oxidation is reached as discussed earlier,
This limit of Q at the end of the log region is, however,
much greater than the charge for s monolayer even allowing for
uncertainities of real areg and valence state of Ni in the
oxide film,

The observed slopes* dV/dlog Q cannot be combined
(4-6) with auy normal activation energy factor BVF/RT in
a kinetic equation to give the Tafel slopes found in section 2,
so 1t must be presumed that any variation of surface concentrztion
of electrochemically active sites (e.g. M/0, M/OH; see p. 149)
with potential is not the same as the overall variation of
log Q with potential, This supports the view taken above
that chemical species written in kinetic equations for oxygen
evolution on oxide surfaces should refer to local sites on
the oxide rather than to individual M/0 or M/OH species when

the oxide is more than a monolayer in thickness.

*However, these slopes arise predominantly in the region of
metal oxidation and hence below the region of oxygen evolution
but, of course, eventually correspond to extension into this
latter region,
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5. STOICHIOHETRY OF THIN FILM NICKEL OXIDE LAYERS

The analytical results which characterise the stoichiometry
(i.e. active oxygen to nickel ratio) of the thin surface
oxide films have been described in Chapter III and shown in
Fig. 53 for various potentials.' These results were based
on combined chemical and electrochemical procedures. A
maximum in the extent of charge for surface oxide reduction
and two maxima in the plots for the nickel content in the
chemically stripped film were observed (Fig. 53). In the
low potential region, the oxide film consists mainly of
Ni(II)(OH)2 and hence the electrochemicallj determinable
" charge is small (Fig. 53).

In order to determine the stoichiometries of the oxides
in the charged state of the electrode, the results are
expressed in g. atom units and the observed stoichiometries
are calculated on the basls (see section 3 (f), Chapter I1I1)
that higher oxides of nickel are reduced only to Ni(II)-oxide,
Corrections for the losses of reducible oxide charge due to
self-discharge process on open~circuit were slsoc made for
several electrode potentials (Chapter III, p.123). The
results are shown in Table XI for various potentials, A
plot of the dependence of the ratio of active oxygen to
nickel vs. electrode potential, which reflects the stoichiometry

of the nickel oxide in the thin film oxide layers as & function
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Figure 63. Active 0:Ni ratio, based on the data in Table X1,

as a function of potential, Vv,
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of electrode potential, was also constructed (Fig. 63).

Although maxima are observed both in the active oxygen
and the Ni content of the thin films (Fig. 53), the [0]:Ni
ratio plotted in Fig. 63 is = continuously increasiné
function of potential so that the mexima in Fig. 53 simply
reflect a smaller film thickness (see below) at higher
potentials ("tight", thin and probably more passive films).
From Fig. 63 it is also evident that during the self-discharge
process, nickel oxide in which the oxidation state of nickel
exceeds +3 undergoes decompesition,

The highest formal oxidation state of nickel observed
in the present work is in fair agreement with that found by
Conway and Bourgault (4), Wynne-Jones et 2l. (29) and Aia (32)
using thicker (or bulk) oxide material, but these degrees of
oxidation are only attained at quite high potentials of ca.

1.0 V, with thin films.

In the present experiments, the electrode was polarized
potentiostatically for periods of only 2 min. in which time
only a fraction of the lower valent oxide present may have
been converted to the higher valent state; hence [0]:Ni
ratios are observed which are lower than those fouﬁd by other
workers at corresponding potentials. In one set of experiments
chemicel and electrochemical determinations of stoichiometries

of the oxides formed anodically for controlled times at
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constant potential (0.3 V), showed that the degree of
oxidation (active "0" to Ni ratio) increases with time

(see Secticn 3(g) of Chapter IIT and Fig. 5%); this result
presumably requires that at any time the oxide species at
the electrode surface is not homogeneous with respect to
valency state of nickel ions, Thus, 1t seems 1ikely that a
gradient of decreasing state of oxidation of nickel from thre
electrolyte/cxide interface [Ni(IV)] to the oxide/metal
interface [N1(II)] would be involved (see also section 8

of this Chapter and ref. 56).

6. EXTENT OF FORMATION OF SURFACE OXIDE OF NICKEL

Both from the electrcchemical charging and the chemical
stripping experiments, the approximate film thicknesses
attained in these experiments have been estimated. The
thickness developed depends, of course, on prior ancdic
polarisation time (or on the sweep rate and potential range
in potentiodynamic experiments) which must be controlled in
longer period experiments,’

The average charge for a z-electron oxidation of nickel
(face-centred cubic structure with 3.499 A lattice length
(197)) to form a surface monolayer is 260z uc, cm™?, so that
the number of layers, n, of the surface oxide formed (or

reduced) at a given potential at 30°C is given by Q/260zR

where Q is the charge in pc. cm"2 for electrochemical reduction
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of the film and R is the initial real to apparent area factor,

With R=2 and z=1 [for Ni(III) — Ni(II) in the discharging
process] for an observed value of Q % 36000 pe. em™? at
0.9 V, n will be of the order of 69 layers.

The amount of nickel present in the oxide film at 0.9 V
determined by chemical stripping was ~~23 pem. cm'z; this
quantity corresponds to a thickness of 145 layers of oxide
if R=1 and 72.5 layers if R=2,

At 0.2 V, the amount of nickel determined in the oxide
film was ca. 29 pgm. em™2:  the equivalent. thickness of the
oxide is 183 layers when R=1 or 91.5 layers if R=2. This
would closely correspond to the pre-passive film of the type
indicated by ellipsometry (54).

The thicknesses determined by the analytical method are
somewhat greater than the figure obtained by Weininger and
Breiter (25,26) in potentiodynamic sweep experiments but
nearer to that obtained by Bockris et al. (S4) using
ellipsometry in acid solutlon and much smaller than that
obtained by Wynne-Jones et al. (29) in some experiments., In

the work on passivation in acid solutions lower anodic

potentials were, however, invelved so that comparisons are

difficult to make quantitatively. In some of the experiments

of Wynne-Jones, specially thick oxide films were deposited

by hypochlorite etching.




Figure 6. Increase of oxide charge for nickel oxide electrodes
(determined by galvanostatic reduction) with the
logarithm of time at various indicated potentials
in ag. KOH solutions of various .concentrations and
&t temperatures (based on the data in Fig. 43):

(a) 2.0 M KOH, 30°C; (b) 2.0 M KoH, 60°¢c;
(e) 13.1 M KOH, 30°C and 60°,
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Figure 65, Increase of oxide charge for nickel oxide electrodes
as a logarithmic function of charge (based on the

data in Fig. 43): 2M KOH, 30°C.
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7. KINETICS OF GROWTH OF NICKEL OXIDE AT THE NICKEL METAL

ELECTRODE SURFACE

The extent of Ygrowth" of oxide at the nickel oxide
electrode surface, in terms of the charge Q required for its
electrochemical reduction was determined at 30°C and 60°c
in ag. KOH (2.05 M and 13.1 M concentrations) by successive
galvanostatic translents, each at the same c.d. The oxide
films were grown potentiostatically at selected potentials
for various pericd of time (Figs. 43). Linear relations
are obtained when these results are plotted with respect to
the logarithm of the time (Figs. 64). This type of growth
behaviour is similar to that found by Makrides (182) at gold
and Sato et al. (183) at iron electrode surfaces. In the
present work, other relations (e.g. log Q vs t) were tested
but did not give linear plots (Fig. 65). As in Makrides!
work, a kinetic account of thls behaviour cannot be given in
terms of previous well known theories of oxide growth and the
same difficulties arise here as in that work in regard to a
mechanistic explanation of the observed growth kinetics.

However, the following new theory* may tentatively be offered

* A similar theory leading to a direct log t dependence was
independently given by Sato et al. (183) and published in
June 1967, The present theory was submitted as a full
paper in March 1967 to the Advisory Group for Aerospace
Research and Development and presented at its meeting in
Lidge, June 1967. It appears in the published Proceedings
of that meeting (87).
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which leads to & kinetic growth law directly in log t for
films significantly thicker than a monolayer,

It is supposed that (a) a potentiostatically controlled
constant potential difference V is available at the nickel-
solution interface and leads to anodic oxidation at a rate

2 which is a function of time t; and also (b) that

ia.cm”
at t > 0, an oxide film is formed to a thickness § corresponding
to a formation charge q. It will now be of interest to
investigate the consequences of supposing that the formation

of the layer to a thickness § in time t is associated with

“the development of a small p.d. AV across the film layer

(cf. ref., 186) in proportion to its thickness as measured by

q in a reduction transient (see equation 2 below). This

p.d. can arise on account of a gradient of extent of oxidation
(N12*/517%) in the oxide layer. At the nickel oxide layer

on nickel electrodes, AV is unlikely to be more than a
moderately small fraction of V since the oxide film is a

fairly good conductor ( cf. the discussion of Ammar and

Darwish (186) on paSsive films at Ni, and the ellipsometric
evidence (54» . The p.d. will, for example, presumably be

much less than that involved in oxide growth at Al, Zr, U or

Ta studied in various papers by Vermilyea, by Young and by

Leach et al. (103).
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On this basis, the anodic current density for film growth

could be written in the form

i =%kexp (V-AV)/b (1)

where k is a rate constant and b is the slope of the current-

potential relation for oxide growth, On the above model,

AV:aSi dt (2)

where a is another constant related to the ohmic resistance
of the film (assumed electrically homogensous over most of

its thickness). From (1) and (2),

R G)

which upon integration, noting that 4 In i = % di, gives

1/i = —%t -A (4) |

where A is an integration constant equal to - l/io, the i
reciprocal of the initial oxidation current at t = 0 that

would pass if there were no change of mechanism as t —0

and q — 0, The latter assumption is probably not Justifiable

for development of the subsequent layers in relation to the
development of the first (and second?) layer, but this will

not affect the form of the resulting growth law (see below) for
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most of the time of development of the film where 8 ;§ monolayer,
Now for the charge q assoclated with the formétion of

the film during time t of eanodisation, equations (1) and

(2) also give

Ini = 1Ink + % - % (q) (5)

t
since q =.f i dt. At constant V, 1n k + % is a constant
o]

equal to 1n io when t = o and i = io. Rearrangement of

equation (4) (after replacing A by - % ) to

O
b 1 ,
1 =3 5 (6)
t e
(o}

together with substitution for 1 as a f(t) from equation (6),

gives from equation (5) upon elementary rearrangement

$a) = 1n[1_a/b] + 1n[t + v/a1,] (7)

which is the required grow;h rate law for q as f(t); it will
be seen that equation (7) is consistent with initial conditions
since ¢ = 0 when t = 0. Equation (7) gives a direct log

law in the quantity time modified by addition of a constant
term b/aio which becomes a relation in time alone for longer
periods of anodisation, The observed kinetic growth behaviour

can thus be accounted for. The derived relation (7) will
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not be expected, as mentioned earlier, to apply to the first
one or two layers of oxide since different electrochemical
processes and local potential differences may then be operative,
Moreover, complications due to simultaneous growth of the

oxide layer thickness and chenges of valency in the existing
oxide material can arise at a constant potential and these
effects may cause the § vs. log(t) plot to deviate from a

simple linear relation such as that deduced above,

8. HYSTERESIS IN ANODIC OXIDE FORMATION AND ‘REDUCTION: , %

ORIGIN OF THE EFFECTS

A characteristic of the formation ang reduction of thin
film oxide layers on electrodes is the hysteresis between the
formation and reduction processes, which may be characterised
in suitable cases by the difference between the potentials
for the current maxima in linear potentiodynamic charging
and discharging, or the difference in the inflection potentials
of transients taken under anodic and cathodic galvanostatic
conditions. Hysteresis between the oxide formation and
reduction processes has been observed (section 2(b) of
Chapter III) to occur at Ni and Ag electrodes and also at
Pt (171) and Pd (153) electrodes. It therefore appears that
the hysteresis is an intrinsic "thermodynamic" effect of

the kind discussed by Everett (167-170) in adsorption and
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sorption precesses involving the formation of metastable
surface domains and is not a kinetic polarisation effect,
although the latter effects may tend to enhance the apparent
hysteresis. The magnitudes of the hysteresis can be expressed

in terms of the difference, AV in charging and discharging

peak’
peak potentials and have been summarised in Table VII

(Chepter TII). They correspond to free energy differences of
ca, 2 to 7 kecal. per Faraday in the oxidation or reduction
processes. This free energy loss for the hysteresis loop

is likely to be due to change (production) of entropy (TAS>0)
erising from the recrystallization and re-orientation of the
oxlides.

As mentioned in Chapter I, the views of Foerster (12-14),
Glemser and Einerhand (47) and of Wynne-Jones ¢t al. {29)
are not quite adequate for explaining the phenomenon of
hysteresis at the nickel oxide electrodes. Labat (30)
showed that in the electrochemical oxidation of Ni(OH)2 both
the NiO.OH and NiO2 were formed simultaneously.

Both silver and nickel oxides are semiconductors and
their electronic conductivities can hence be increased by
raising the experimental temperature, by irradiation or by
doping with lithium ions. Therefore, by one or more of these

processes, the internal resistance (iR) arising within the

oxide film (cf. ref. 29) which could contribute to the apparent
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hysteresis can be reduced. However, it is observed that by
increasing the operating temperature of the silver oxide
electrode (Fig. 45), by irradiating it (187) or by doping the
nickel oxide electrode with Li+ (188), hysteresis between the
charging and dischérging peak potentials is reduced only
slightly (see Table VII). Therefore it seems again that the
hysteresis is an intrinsic thermodynamic effect and not one
due to internal resistance effects alone.

In the case of silver, it 1s of interest to note that the
anodic peak (I) is appreciably photosensitivé (187) and the
charge associated with its formation can be increased by ca.
25% under u.v. irradiation; the potential of its formation
and reduction is, however, very litfle affected by 111umination.

The origin of the hysteresis may therefore be considered
to be connected with a rearrangement of recrystallisation of
the Immediately electrodeposited specles, produced in the
anodic charging process, into & more stable form reducible
only over a range of lower cathodic potentials. The effect
is evidently quite géneral. The recrystallisation or
rearrangement may be analogous to the kind considered by Rhead
(189) in regard to oxide film formation on metals at the
gas-solid interface (cf., 190) where surface diffusion processes
are involved leading to the build up of consolidated centres

of oxide, The hysteresis ls evidently not connected only
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with the build-up of the first layer of oxide (as, for example,
in the case of Pt*) since (a) at Ni and Ag quite thick layers
are involved and most of the charge passed must go to form
layers beyond the first monolayer and (b), of greater cogence,
similar hysteresis occurs with respect to the formation and

reduction of the second {peaks IIan and IIcath.) oxide at

silver, i.e. with regard to the further oxidation of an already

existing surface oxide (peak I ) and the corresponding

an,
reduction (peak IIcath.) back to the lower surface oxide.
Here the hysteresis is no less than thet for the first peak
'(Ian./Icath.) vhere formation of the oxide from, or reduction
of the oxide to, the basis metal is involved.

In the more familiar case of adsorption and desorption;
hysteresis can arise (167-170)#* when the adsorbate is laid
down in a metastesble state or in metastable domains (167,169)
end undergoes some thermodynamically irreversible (in this
case "2-dimensional") phase change (190) to a condition of

lower free energy. In such a case, desorption then procecds

at lower chemical potentials of adsorbate in the bulk phase

¥ At Pt, the hysteresis may be due to a transition between a
Pt-OH or Pt-0 dipole ad-layer and a two dimensional Pt-0-Pt-0,...
layer having a lower standard free energy (63).

¥%Another more trivial cause of hysteresis in adsorption and
desorption arises for kinetic reasons when the adsorption is
exothermic so that the activation energy for the desorption
process is usually greater than that for the adsorption process.
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(with which the surface is in "equilibrium') than those
chemical potentials required to reach the same respective
degrees of accommodation in the adscrption process, Similarly,
in the present electrochemical cese, the electrcchemical
"desorption" {reduction) of the oxide proceeds at lower
electrochemical potentials than those required for formation
of the oxide. In the case of sorption,; this kind of intrinsic
hysteresis can arise when attractive potentials characterise
the 1ntermoiecu1ar forces in the absorbate layer at the
surface (63).

Most systems exhibiting hysteresis involve, it has been
suggested, a distribution of states of varying effective
metastabllity so that the greater the breedth of variation
of the intensive variable (temperature, magnetic field, or
electric potential in the present case) the larger is the
- hysteresis loop. Within this "loop", smaller scans of the
intensive variable lead to correspondingly smaller hysteresis
loops (the so-called scanning curves (167)) » With the
anodisation of Ni, Ag, Pt or Pd, a very similar situation
exists as shown in Fig. 48, If oxide formation and reduction
scans &are made over small potential ranges, the hysteresis
between the potentiodynamic charging and discharging peaks is
small; 1f larger potential ranges are involved in the

formation of the oxide, correspondingly larger ranges are
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Figure 66, (a) Schematic potenticdynemic scanning curves
for an oxidatign and reduction process exhibiting
hysteresis; (b) corresponding integral charging
end discharging curves showing hysteresis loops;
(¢) hysteresis loops in charging and discharging
bulk nickel oxide electrodes (ref, ?: B,E. Conway

and E. Gileadi).
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required for reduction: thus, that fraction of the surface
oxide which regquires the highest anodic potentials for its
formation, reguires, when formed, descent to the lowest
cathodic potentials for its reduction. The relation to more
familiar hysteresis scanning curves (e.g. in magnetisation)
is shown in Fig. 66 where the situation for the charging and
discharging curves is shown (cf. electrochemical adsorption
isotherms) schematically for different degrees of charging.
In the present cases, the following mechanism for the origin
of these.effects nay be'suggested.

With thicker film and bulk material,~a different type of
effect may be involved and give rise to hysteresis. Thus,
in earlier work with bulk nickel oxide impregnateqd plaques,
some evidence has been given (e.g. 4,6) for a charge and

self-discharge process involving a surface region of the oxide

having formally a higher state of oxidation than that in the
bulk., The charging process, and in the present cése, the
oxide growth, is regarded as proceeding by a solid state
diffusion process (e.g. 16,19) involving effective migration
of Ni%* and Nid* ions (by electron transfer) coupled with
proton diffusion experimentally indicated by Lukovtsev and
Slaidin (16). Thus, at all times in the anodic oxidation
process, it may be suggested that a potential is required
which is sufficiently positive to generate a higher vaient
surface layer (Niu+) on the oxide film which then enables, by

a solid state diffusion process, the remainder of the sub-surface
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oxide to be grown and/or charged to a progressively higher
average degree of oxidation. The supposed requirement of a
surface layer having a certain minimum higher~-than-average
degree of oxidation is analogous to the usual requirement of
supersaturation (a metastable condition) for chemical or
electrochemical crystal growth*, Once the oxide has been
formed, and reduction commences in a following cathodic
transient, the requirement for a more highly oxidized surface
leyer on the oxide is preéumably no longer necessary (and in
fact the reverse condition may be required) and the bulk
‘material can then be reduced over its normsl (or a lower)
potential range which will tend to be lower®* than that
required for formation of the oxide‘layer through the develépment
of the "superoxidised" surface layer, An intrinsic hysteresis

will then result.

¥ The situation is also similar to that inveolved in the
magnetically biassed, bi-metallic switch model discussed by
Everett (167,169).

%#%*Higher anodic potentials are usually required to form thicker
layers (greater Q) which then require lower cathodic potentials
for complete reduction. This, it may be suggested, is the
result of the necessity for establishment of a minumum gradient
of degree of oxidation (186) or of degree of reduction across
the oxide layer to enable the charging or the discharging
process, respectively, to take place at finite rates.
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9. ELECTROCEEMISTRY OF THE SILVER OXIDE ELECTRODE

(a) Charge~Discharge Mechanism

The electrochemical work on the silver oxide electrode
was initiated mainly for the purpose of comparing the
behaviour of the nickel oxide electrode with that of silver
where at least two distinguishable surface oxidation states
can be observed. The results have been given in Chapter III.
In this section, only a brief preliminary discussion of the
present findings will be ﬁresented. A complete discussion
nust awalt results from other investigatioﬁs in progress in
" this laboratory, €.g. in regard to the behaviour of the
silver electrode under u.v. irradiation and the determination
of stoichiometry and impedance of the silver oxide in the |
thin films,

As mentioned in Chapter I (section 4), there is
disagreement in the literature concerning the reactions which
teke place on silver anodes. Partly in order to clarify
this mechanism of oxidation'of silver but mainly for the
comparative purposeé mentioned above, potentiostatic and
potentiodynamic linear sweep studies were carried out.

From the steady state log{i]-V plots (Fig. 27) it is seen
that self-passivation (cf. the effects at Ni) occurs at a
potential of ca. 0.20 V to 0.30 V and a second, smaller

effect, arises at 0.46 V. In the potentiocdynamic i-V
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profiles, three oxzide formation peaks (one of them is small
and ill-defined) and two corresponding oxide reduction peaks
are observed. In the low temperature work (-30°C), a third
oxide reduction peak (which may correspond to the reduction of
Ag203) has been observed {(Fig. 364).

From thermodynamic data, the standard electrode
potentials for the following reactions have been given

(178, cf. also ref., 191) as follows:

Ag,0 + H,0 + 2¢ = 2 Ag + 208~ E® = 0.345 V vs. NHE I
2 Agd + H)0 + 2e = Ag,0 + 20H" E° = 0.607 V vs. NHE II

i

Ag05 + H)0 + 2e = 2 Ag0 + 208”  E° = 0.739 V vs. NHE III

The experimental values of E° for reaction (I) are 0.338

+ 0.001 V vs. NHE at 25°C determined by Dirkse (192) and
0.342 V ys. NHE by Hammer and Craig (128); that for reaction
(II) is 0.599 + 0.001 V vs NHE at 25°C determined by
Dirkse (193) and 0,604 Vv ¥s. NHE by Bonk et al. (194).

Thus, using these thermodynamic electrode potentials

and comparing them with the characteristics of the current-
potential relations, the following oxidation and O2 evolution

mechanisms may tentatively be proposed:

2 Ag + 20H™ = Ag0 + H0 + 2e I
Ag,0 + 20H™ = 2 pAg0 + Hy0 + 2e II
2 AgO+ 208" = Ag?_o3 + Hy0 + 2e 111

it

2 Agy04 b Ag0 + 0, (g) IV
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However, it may be supposed on the basis of the potentiodynamic
1-V relations that Ag,0 can be derived from Ag-OH. Thus,
the first small and ill-defined peak ( I') which appears
prior to the first main oxide peak ( I) (Fig. 36) may
correspond to this process.

When a silver electrode is polarised anodically at
controlled potentisals in alkaline solutions, then it appears
that Ag is first oxidised to Ag20 possibly via AgQH at a
potential of 0,2 V and the current increases; the oxidation
process continues until the surface of the:'electrode is
completely covered by AgzO at 0.3 Vv, Under these conditions,
since electrochemically deposited Agzo is an n-type semi-
conductor# (201, also cf. ref, 202), the electrode surface’
becomes passivated (cf. ref. 54) and the current falls with
further increase of potential, The current again increases
very slowly when the second process (oxidation of Agzo to
Ag0) can commence at a potential of ca. 0.4 V, When Ag,0
is "completely oxidised" to Ag0, a third process of evolution
of oxygen, through tne formation and decomposition of AgZOB,
occurs at a potential of ca. 0.6 V and above.

When the polarising current is switched off, some

self-discharge of the oxides (Ag0O, Ag203) takes place, These

*¥Dry Ag,0 is however a p-type semiconductor (199, see also
ref, 20%).
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higher oxides are unstable in alkaline solution because their
reversible potentials are much higher than that for the oxygen
evolution process (E° = 0401 V vs. NHE in KOH). Under
open~circuit conditions, they therefore decompose to Agzo

liberating oxygen (195,196): for example,
L AgO — 2AgZO + O2 v

It is well known that when the Ag-Zn alkaline
battery is left on open-circuit for a considerable period of
time a certain amount of "available chargeﬁ is lost, although
no loss in weight of the material is observed, This has
been explained in terms of the discharge of part of the AgQ
by reaction with metallic Ag formed at the surface (79,195,196)

of the oxide, according to

Ag0 + Ag = Agzo VI

Metallic Ag atoms from the basis metal can also diffuse
through the oxides (199) and react as above. This reaction
can occur because if an electrode contains both metallic Ag
and Ag0, a local action mechanism must proceed (79) with a

driving force of 0.262 V according to the equations

2 Ag + 20H™ 0 + 2e, (E° = 0.345) 1

L}

Ag 0 + H

i

2 2

0 + 20H~ 2 Ag0 + H

Ag 0 + 2e (E° = 0.607) 11

2 2
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with the first reactlon proceeding in the forward direction
and the second in the backward direction,

This has been substantiated with the results obtained
by the potentiodynémic sweep method in the present work
(Table VI). Thus, it was observed that the anodic charge
for the formation of Ag,0 (peaks I and I') is smaller than
the charge required.for the reduction of AgZO while the charge
for the formation of Ag0 (peak II) is higher than that
obtained for its reduction; Thus, after charging, although
the oxide film contains mostly AgO, the peak for its reduction
is relatively small (Fig. 36) due to covering of Ag0 by Ag,0
at the surface of the former oxide (79). As the passivating

layer of Ag20 is converted to Ag cofresponding to the next

peak, further Ag0 can be discharged by formation of more Agzo,ﬁxelf@

produced by reaction between Ag0 and Ag.

There is some evidence for the formation of an
oxide higher than Agd (viz. AgZOB) at the silver electrode
surface during charging, at least, under low temperature
conditions ( ¢ -30°C, Fig. 36d) (cf. refs. 99,198): a third
peak (II') in the higher potential region of the potentiodynamic
1-V curves corresponding possibly to reduction of Ag203
(stable only at low temperatures) appears. If Ag0 had been
a mixture of Ag,0 and Ag203 as proposed (97), then only fwo

oxlide reduction peaks in the potentiodynamic i-V profiles at
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low temperatures (Fig. 36 d) would be expected, but three
distinct reduction peaks are observed. In the charging
process, because of overlapping of the oxidation regions,

all the steps cannot be identified. "iR"-effects within

the Ag20 oxide film are increased as the temperature is
lowered and this effect eventually shifts the peak position

as well. However, Ag0 has been observed to be diamagnetic
even at liquid heliﬁm temperature (97 and sese also 96);

hence, evidently Ag(II)(bqg) which is paramagnetic cannot
;ccur, as such, in the solid Ag0 oxide phase. Neutron
diffraction results (97) have shown that there are two types

of Ag atoms in the crystal lattice (having Ag-0 bond distances
of 2,18 X and 2,03 K), one with linear co-ordination to two.
oxygen atoms (Ag(I)) and the other square planar with respect
to oxygen (Ag(III)). Another suggestion (96) has been that
there is & mutual saturation of the unpaired electrons to

form covalent or metallic bonds in the AgO crystal lattice:
thus Ag in Ag0 has three valences and of the three valences

two are used for binding oxygen atoms and the third for binding
another Ag atom (thus resulting in Agzoz*). The high electronic

conductivity is also in accord with this conclusion (96).

¥*This is not a peroxide because Hy02 is not obtained by
treatment with acids (96).
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The present potentiodynamic sweep results are, however, observed

to be in agreement with the latter interpretation i.e. AgQ
(with possible mutual saturation of the unpaired electrons
in the lattice) does form at the electrode surface.

One final point to be mentioned here is that the
observed anodic/cathodic charge ratio (Qan./Qcath,) (Table
VI) is in most cases slightly less than unity, This is
definitely not related to ény error arising from possible
asymmetry in the wave-~form but it could be suggested that it
originates from a possible shift in the "zero current" line
.due to the presence of evolved oxXygen, The higher cathcdic
charge cannot, however, arise for this reason since the 02
reduction process is a diffusion-controlled one. Hence,
smaller ratios should be expected at lower than at higher
sweep rates; results contrary to this are obtained.

(b) Extent of Formation of Surface Oxide at Silver

In terms of the number of layers, n, of surface
oxide involved, only an apprdximaste estimate can be given.
The treatment of this problem follows that in the case of
nickel (p. 201). The average charge for a z-electron

oxidation of silver (a face-centred cubic structure with

lattice spacing 4.079 & (197)) in a surface monolayer is
191z Pc. cm-% so that the value of n attained at a potential

of ca. 0.93 V at 25°C will vary from 158080/191zR to
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216202/191zR, where R is the initial real to apparent area
factor. When z=2 [Ag(II) —» Ag(I) —» Ag(0)] and R=10 (79),
the average value of n would very from 41 to 57. This is in

agreement with the thicknesses (50-100 layers) obtained by

Cahan et al. (79).

From the above figures, it is seen that the thickness

of the surface oxidg layer depends, as expected, significantly

on the sweep rates; for example, a 57 layer thickness is

obtained for a sweep-rate of 0,009 V. sec™ and & 41 layer filn

is indicated fcr a sweep-rate of 0.0924 V.seb‘l. For the

sweep-rate of 0,006 V. sec"l, a thickness of 60 layers of oxide

is obtained,
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10. CLAIMS TO ORIGINAL RESEARCH

The early stages of electrochemical oxidation of nickel
metal electrode surfaces have been investigated and the thin
oxide films so formed have been characterised with respect to
stoichiometry, oxidation ang reduction behaviour ang
involvement in the oxygen evolution process in anodic
electrolysis. The following original contributions
connected with these Investigations have been made:

(2) The mechanism('s) and kinetics of oxygen evolution
et nickel oxide surfaces have been studied, (i) It has been
confirmed that én ion-radical recombination type of process
is the rate-determining step in the o.e.r. which occurs aﬁ
oxide sites on the nickel oxide surface. (i1) A vselrf-
passivation" effect in oxygen evolution kinetics analogous
to those found in anodic organic oxldations at the noble
metals has been observed for the first time. A kinetic
theory of the "self-passivation" effect has been presented
for various supposed oxidaéion states of the surface region,
The "self-passivation" effect has also been shown to be
related to valency changes within the nickel oxide phase.
(1i1) The kinetic hysteresis that arises between curves
for anodic and cathodic charging processes at nickel has
been treated fdr the first time, The extent of the effect
is found to be dependent on temperature and concentration

of alkali, and on cationic impurity ions (viz. Lit).
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(b) An experimental technique and its theoretical
basis has been developed for a potentiostatic step charging
method, Rigorcus calculations based on kinetic equations
for two simple (activation controlled) mechsnisms have been
given as a basis for the application of the method to the
study of formation of thin oxide films. The method developed
allows close and progressive examination of the valency
changes occurring in the electrode film forming reactions,
and a quentitative characterisation of film growth,

(c) Growth of nickel oxide films &t various electrode
potentials, concentrations of XOH and temperatures has been
studied and it has been shown that the kinetics of growth
of nickel oxids Tilms are logarithmic in time.

(d) A new simple mathematical derivation of a direct
logarithmic growth law for oxide film formation has been
given,

(e) For the determination of micro-quantities of nickel
in thin film oxide layers,.a new svectrophotometric method
based on the principle of reductive stripping of the oxide
by aq., hydrazine has been developed. The possibility of
using this method for estimating "active" oxygen content
in the thin film oxide layers was also investigated,

(f) Stoichiometries of nickel oxide in thin film

oxide layers have been determined by the combination of
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chemical and electrochemical methods. It has been shown
that the stoichiometry is not only potential dependent but
elso characterised by the time of anodic potentiostatic
polarisation. In other words, it has teen shown indirectly
that at any time, there is always a gradient of degree of
oxldation of nickel within the oxide film.

(g) It has been shown that higher valent nickel oxides
are reduced with facility in a galvanostatic pulse but only
to Ni(OH)2 and not to the metal. On this basis, it has
been proposed that thin nickel oxide film uaterial may form
e useful battery cathode material for pulsed drain and pulsed
charge syétems. The thin film material does not suffer the
disadvantage of isolation of some of the active material
on discharge, which arises with bulk oxide electrodes on fast
(high c.d.) discharge.

(h) Formation of a pre-pazssive layer of Ni(OH)2 prior
to anodic passivetion of nickel has been confirmed by
analytical film-stripping éxperiments.

(1) The spontaneous fall in degree of oxidation of
nickel oxide on open~circuit has been investigated and its
dependence on potential and time has been characterised,

The initial losses of active "O" are due to self~decomposition

of oxides higher than thet of stoichiometry "Ni 045",
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(j) oOxidation of silver has been studied by the
potentiostatic steady-state method mainly for the purpose
of comparison with the behaviour of nickel, A Mself-
passivation" type of effect has also been observed in this
case, It is proposed that thig effect is related to the
oxidation of less conducting Agzo to a more electronically
conducting oxide species (Ag0). Oxygen evolution occurs
bresumably on Ag0 through the formation of Ag203.

- (k) Appearance of a new peak in the potentiodynamic
1~V relations at silver electrcdes in KOH.solution at low
temperatures (viz. ~30°¢) confirms the formation of a higher
oxide (Agzoj) of silver during anodization, Thus new
evidence for the existence of Ag203 has been obtajned.

(1) A generalised theory of the origin of hysteresis
effects which arise in charge-discharge processes has been
considered for the caées of nickel and silver oxide electredes,
It has been proposed that hysteresis is due to an intrinsic
thermodynamic effect associated with rearrangeument or
‘recrystallisation of surface oxides within the solid oxide
surface phase, The extent of hysteresis may, however, be
enhanced by resistance effects within the film and by kinetic

polarization in the surfeace oxidation and reduction processes,
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