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PREFACE

The present manuscript consists of five chapters which deal
with complementary aspects of the kinetics and mechanisms of
anodic bromine formation and the role of adsorbed species in the
reaction. Descriptions of new experimental results obtained in
the course of the research, and their theoretical interpretation
and discussion, form an important part of the work.

Chapter 1 provides an introduction which presents an
overview of previous works, and the importance of the
bromide/bromine system in various applications. Chapter 2
presents the objectives of the present work. Chapter 3 covers
experimental aspects of the work, including the electrochemical
systems and the measurement technigques employed. In chapter 4,
the theoretical approaches employed in interpretation of results
are outlined and cover topics such as the thermodynamics and
kinetics of the reaction. Chapter 5 describes and discusses
results based on voltammograms, Tafel relations, potential-decay
relations, and the experimental and simulated a.c. impedance
behaviour.

Part of the work in this dissertation was presented at an
international symposium in Honolulu, Hawaii, USA in May, 1993
(organized by the BAmerican Electrochemical Society, and co-

sponsored by the Japanese Electrochemical Society). The title



of the paper was: Kinetics and Mechanisms of the Anodic Bromine

Formation Reaction. A principal paper on the research has been

submitted for publication in J. Chem. Soc., Faraday Trans., as

follows,

1. B.E. Conway and Youyu Phillips, The Surface Electrochenmistry
and Kinetics of Anodic Br, Formation at Pt.

Other papers in preparation for publications are:

2. Youyu Phillips, B.E Conway and Shiyuan Qian, Equivalent
Circuits of the A.C. Impedance Spectroscopy for the
Simulation of Behaviours of Adsorbed Intermediates in the
Anodic Br, Formation Reaction.

3. Youyu Phillips and B.E. Conway, Theoretical Approaches for
Study of the Kinetics and Mechanism of Electrochemical
Radical Recombination-type Reactions Exemplified by the

Anodic Bromine Formation Reaction.

ii



ACKNOWLEDGEMENTS

I am greatly indebted to the world-leading electrochemist,
Dr. Brian E. Conway, who supervised this research project,
offered enlightened guidance and provided stimulating
suggestions and criticisms. I feel truly honoured to have
worked under such a devoted researcher and professor; his
dedication will undoubtably benefit my future research and
teaching.

I also wish to thank my colleagues, especially Mr. Shiyuan
Qian and Dr. Lijun Bai for their invaluable assistance with
experimental techniques. Thanks are also due to many other
staff in the Department, particularly Mr. Egon Kristoff for his
skillful glassblowing work on the electrodes and cells.

Special gratitude is due for my husband, Mr. Andrew
Phillips, for his understanding and encouragement during the
course of the work.

I would also 1like to express gratitude to my parents,
brothers and in-laws for their unfailing support. Finally, I

want to thank Ms. Susan Lee for her help in the editing of this

dissertation.

.zl

iii



INDEX OF CONTENTS

Page No.
Preface i
Acknowledgements iii
Index_of Contents iv
List of Fiqures X
List of Tables xix
List of Abbreviations and Symbols XX
Abstract xoeid
CHAPTER 1
INTRODUCTION
1.1. Significance of the Br"/Br, Reaction 1
1.1.1. Introduction 1
1.1.2. Role of the Br,/Br  Reaction in 2Zn/Br, Battery
Operation 6
1.1.3. Role of the Br  Ions in Base~Metal Corrosion
Processes 9
1.1.4. Types of Processes Involving Br, in Relation
to the mechanisms of the H, and Cl, Reactions 10
1.2. Overview 11
1.2.1. Thermodynamic Aspects of the Br, Reaction
and Related Processes 11

iv



1.2.2. Anion Adsorption in the Reaction
Related to the Anion as the Reagent

1.2.2.a) Introduction

1.2.2.b) Halide Adsorption at Noble Metals:
Competitive Effects with H and OH or O
Electrosorption

1.2.2.¢c) Competitive Effect of Br  on CH,0H Adsorption
at Pt

1.2.2.d) Adsorption of Bromide and Other Halide Ions
at Hg

1.2.2.e) Optical Studies of Bromide Adsorption at Pt

1.2.3. Anodic Reactions Involving Br' and Br, Formation

1.2.3.a)} Introduction

1.2.3.b) Aqueous Soclutions

1.2.3.c) Nonagqueous Solutions

1.2.4. Electroanalytical Aspects of the Br, Reaction

CHAPTER 2
OBJECTIVES OF THE PRESENT WORK

CHAPTER 3
EXPERIMENTAL

3.1. Electrochemical Systems Examined
3.2. Cell
3.3. Electrodes

3.3.1. Working Electrodes

3.3.1.a) Introduction

15

15

18

22

23
27
30
30
30
33

36

38

41
42
43
43

43



3.3.1.b)

3.3.1.¢)

3.3.2.

Pt Wire
Pt RDE

Counter Electrode

3.4. Reference Electrodes

3.5. Solutions and Salts Used

3.5.1.

3.5.2.

Aqueous

Non-Agqueous

3.6. Gas for Bubbling

3.7. Measurement Techniques

3.7.1.
3.7.2.
3.7.3.
3.7.4.
3.7.5.

3.7.6.

Introduction

Cyclic Voltammetry

Tafel Relation Measurements
Potential Relaxation Measurements
A.C. Impedance Measurements

Procedures for Pt Electrode Pretreatments

3.8. Instrumentation Required for the Measurements

3.8.1.

3.8.2'

3.8.3.

3.8.4.

Cyclic Voltammetry
Tafel Relation Measurements
Potential Relaxation Measurements

A.C. Impedance Measurements

3.9. Brief Discussion of Measurement

Reliability and Precision

3.10. iR-Drop Correction

3.11. Data Collection and Processing by Means of

Computers and Digital Oscilloscope

vi

44
44
46
46
47
47
48
50
50
50
52
52
52
53
53
54
54
55
55

55

56

57

5%



CHAPTER 4

ELECTROCHEMICAL KINETICS AND THE

ROLE OF ADSORBED INTERMEDIATES

4.1. General Aspects

4.2. Tafel Relations and Coverage by an Intermediate:

Steady-State Relations

4.2.1.
4.2.2.

4.2.3.

Introduction

Applications to the Br, Formation Reaction
Potential Dependence of current and Coverage
by an Intermediate, Non-Steady-State Relations:

Potential Relaxation Transients

4.3. Cyclic Voltammetry Studies of Electrode Processes

4.4. Frequency Response of the Reaction:

A.C. Impedance Spectroscopy

4.4.1.

4.4.2.

4.4.3.
4.4.4.

4.4.5.

General

Equivalent Circuit Representation of Electrode
Processes

Influence of Freguency

Low- and High-Frequency Limit Behaviour
Application to Real Systems as for the Br,

Formation Reaction

CHAPTER 5
RESULTS AND DISCUSSION

5.1. Cyclic Voltammetry for Characterizing the

General Features of the Bromine Reaction at

vii

60

62

62

69

69

73

75

75

76

78

79

80



Pt,

5.1.1.

5.1.2.

5.1.3.

5.1.4.

5.1'5.

5.1.6.

5.2.

as a Function of Potential

Intyoduction: Competitive Adsorption Between
Halide Ions and Oxide Film Species at Pt, and
the States of Oxidized Pt Surfaces

Bromine Formation in Aqueous Solutions in
Relation to Competitive Adsorption of Br® Ion
vis a vis Oxide Film Formation

Isotherms for Competitive Adsorption of Br  Ion
and Electrosorbed OH and O species at Pt
onset of Br, Formation at Pt

onset of Br, Formation at Other Noble Metals
Thermodynamics of Trihalide Complex-Ion

Equilibria in Various Solutions of Br-

Steady-State Kinetic Behaviour of the Br'/Br,

Formation Reaction; Tafel Relations

5.2.1.

5.2.2.

5.2.3.

5.2.4.

5.2.5.

5.2.6.

5.3.

Elementary Reaction Steps in Overall Mechanisms
Discharge and Chemisorption Involving the
Already Chemisorbed Br{"¥ Species

Kinetic Equations for the Multi~Step Process
and the Role of Intermediates

Kinetic Equations for the Case of Significant
Interaction Effects

Kinetics Behaviour at Fresh Pt

(and Pt RDE) Electrode Surfaces

Role of the Presence of an Oxide Film at Pt

Bromine Formation from Non-Aqueous Solutions

viii

82

82

89

100

105

00

120

124

126

135

147

151



5.4. Use of the Potential Relaxation Method
("Potential Decay") for Investigation of
the Adsorbed Br Intermediates
5.5. Experimental and Simulated A.C. Impedance
Behaviour
5.5.1. At the "Reduced" Pt Electrode
5.5.2. Equivalent Circuit Simulation of the Kinetics
and Mechanism of the Br, Formation Reaction,
Taking into Account of the Role of Br’ and
Br, Species
5.5.3. Role of Diffusion Effects
5.5.4. Simulation of the Impedance Behaviour
Involving the Adsorbed Species at
Preoxidized Pt Electrode
5.6. Conclusions

Contributions to Original Research

References

ix

162

170

170

177

191

200

204

209

212



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.

10.

LIST OF FIGURES

Electrocapillary curves for KBr solutions
on the Hg electrode ([22]

Fundamental relations in electrocapillary
thermodynamics [6)

Randles circuit and corresponding
complex-plane plot

Results for the Br,/Br  system showing

the impedance characteristics of the rate
determining step Br -« Br,, + e [51], coupled
with diffusion

Anode current/voltage curves in CH,CN

Cpre 0.0139 M [47]

Electrical circuit connected to the cell
for steady-state polarization and
potential relaxation measurements
Procedure for pre-oxidation of the

Pt electrodes

Simple equivalent circuit

Armstrong's equivalent circuit involving a
pseudocapacitance, written as C,
Hierarchy of strengths of adsorption of

anions at the Hg electrode in aqueous

24

26

32

32

34

43

54

77

77



solution in terms of changes of potential

of zero charge AE(pzc) at 0.1 M (based on

data from refs. [96) and {97]) in relation

to the nucleophilicity (Edwards' scale [98])

of the respective anion P. 84
Fig. 11. Distribution of Pt, and supposed PtOH, PtO

and PtO, species on a platinum electrode

surface after anodization in 1 M HC1Q,

(based on the work of Breiter [61]) P. 88
Fig. 12. CV of 0.1 M HClo, at Pt P. 90
Figs. 13—17. Cyclic voltammograms of 10, 10%, 107,

1023 and 102 M HBr in 0.1 M HClO; at Pt P. 91—95
Fig. 18. Six superimposed CV's of (1) 0.1 M HClO, and

(2) 10%, (3) 10%, (4) 10%, (5) 10%, (6) 10% M HBr

in 0.1 M HCl0, at Pt, for comparison P. 96
Fig. 19. Series of cyclic voltammetry i vs E

profiles for the Pt electrode in 0.1 M

H,S0, (298 X) at 25 mV s” with successive

additions of chloride ion from 107 to 10* M,

showing direction of changes due to CI

addition [26] P. 99
Fig. 20. Competitive adsorption isotherms for

% surface oxide blocked at Pt (to 1.2 V)

as a function of log [halide]

(a) €1 and (b) I, at 298 K [26] P. 99
Fig. 21. Competitive adsorption isotherm for

xi



% surface oxide blocked at Pt as a

function of log [Br’] (a) experimental data;

(b} comparison with the Langmuir isotherm

function, normalized for coincidence at

f§ = 0.5 (solid line); [, points from

experimental data shown in (a) P. 103
Fig. 22. CV of 10° M HBr in 0.1 M HCloO,

at a preoxidized Pt electrode P. 107
Figs. 23—26. Cyclic voltammograms at the Rh, Ru, Ir

and Pd electrodes in 0.5 M HClQ,

solution P. 110113
Figs. 27—30. Cyclic voltammograms of 0.01 M HBr

in 0.5 M HC10, at Rh, Ru, Ir and Pd

electrodes P. 114117
Fig. 31. Comparison of Cyclic voltammograms of

0.01 M HBr in 0.5 M HC1l0, at (1) Rh, (2) Ru,

(3) Ir, (4) Pd and (5) Pt electrodes P. 118
Fig. 32. a) 5 ¥s log i Tafel plot and the generalized

variation of @ with n (egns. 52 and 53)

according to Langmuir adsorption with the

recombination step rate-controlling

b) 7 ¥vs log i Tafel plot when significant

coverage by the intermediate already arises

near the reversible potential and the back-

reaction current component is also

significant P. 131

xii



Fiqg.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

33.

34.

35.

36.

37.

38.

39,

Correction for the back-reaction effect,

e.g. for the Tafel-plot results for Pt in

3 M NaBr in 0.1 M HClO, at 5 = 9.003, 0.005,

0.007, 0.01, 0.013, 0.017, 0.02, 0.025 and
0.03 V (cf. Fig. 34)

Tafel plots for 1.0 M (+), 1.5 M (*},

3 M (x) and 5 M (~) NaBr in 0.1 M HCIlO,

Tafel plots of 1 M NaBr/0.1 M HClO, at

Pt RDE with rotation rates of 240 (+),

480 (*), 720 (X) and 960 (~) rpm

Comparison of Tafel plots without rotation

(+) and with rotation rates of 1200 (+),

2400 (*), 3600 (~) and 4800 (x) rpm at

Pt RDE in 1 M Br® solution

a) exp(4F/RT)/i* vs exp(nF/RT)

b) i* vs exp(-nF/RT)based on the
Tafel-plot results for 3 M ([]) and

5 M (+) Br soclutions

Comparison of Tafel plots with

rotation rates of 1200 (1), 2400 (2),
3600 (3) and 4800 (4) rpm at Pt RDE and
3600 (') rpm at the pre-oxidized Pt RDE
(pre-oxidized at overpotential 500 mV for
one hour) in 1 M Br’ solution

Tafel plots of KBr in anhydrous TFA at Pt

xiii

P.

133

139

141

142

144

149



(no oxide film present) P. 150
Figs. 40—43. Cyclic voltammograms of conc. COBr,,

conc. (CH,),NBr, conc. (CH),NBr and

conc. (CH;),NBr in CH,CN P. 154—157
Fig. 44. Cyclic voltammogram of 0.1 M KBr in TFA P. 159
Fig. 45. Tafel plots for Br, formation from 0.1 M

solutions of (CH;),NBr (*), (CH;),NBr (+),

(C,H;) ,NBr () in CH;CN at the pre-oxidized

Pt RDE at a rotation rate of 1200 rpm
(inflected curves); and comparatively from

1 M NaBr in 0.1 M HCl0, at a Pt RDE (3600
rpm) pre-oxidized at 1.6 V (RHE) for periods

of times as follows: -+ 1.25 h, + 1.5 h,

* 1,75 h, X 2 h, ~ 2.25 h (smooth curves) P. 160

Fig. 46. Potential decay plot (y ¥s log t) for the Br,
formation reaction at freshly reduced (top 5
curves) and pre-oxidized (5 curves in the
bottom) Pt electrodes in 1 M NaBr in 0.1 M
HC10, (298 K); order of descending initial
overpotentials in both series of 5 curves:

0.225, 0.210, 0.195, 0.185, 0.170 V P. 164

Fig. 47. Potential decay plot (7 vs log(-dp/dt))
corresponding to the respective potential
relaxation curves in Fig. 46 (left-hand

family, freshly reduced surfaces; right-hand

xiv



Fig. 48.

Fig- 49.

Fig. 50.

Fig. 51.

Fig. 52.

Pig. 53.

family, pre-oxidized surfaces P.
Interfacial pseudo-capacitance ys n derived
from the potential relaxation transients in
Fig. 46 (top curves, freshly reduced Pt;

curves at the bottom, pre-oxidized Pt) P.
Log C vs 5 plots corresponding to the
respective curves in Fig. 48 (top curves,
freshly reduced Pt; curves at the bottom,
pre-oxidized Pt) P.
Complex-plane a.c. impedance plots for the Br,
reaction from 0.9 M NaBr/0.1 M HBr at Pt
showing a series of single semicircles with
increasing polarization overpotentials of 60,
70, 80, 90 and 100 mV P.
Complex~plane a.c. impedance plot for the Br,
reaction from 2.5 M NaBr/0.1 M HCl0, solution
at Pt showing two semicircles at a
polarization overpotential of 250 mV P.
Complex-plane a.c. impedance plots

for the Br, reaction from fresh 2.5 M

NaBr in 0.1 M HClo, at Pt at polarization
overpotentials of a) 150 and b) 200 mV P.
Complex-plane a.c. impedance Plot for the Br,
reaction from 2.5 M NaBr/0.1 M HClQO, at Pt

with addition of 0.05 M Br, at a polarization

overpotential of 150 mV, exhibiting three

xv

165

166

1e7

171

173

174



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

S4a.

54b.

55.

56.

57.

58.

59.

50.

semicircles, demonstrating that adsorbed Brjy

is involved P.
Equivalent circuit "A" for parallel Br  and Bry
discharge processes P.
New equivalent circuit "B" proposed for the
bromine formation process to include the role
of adsorbed Br' and Br; intermediates P.
Simulation of impedance behaviour of equivalent
circuit A (Fig. 54a) under conditions 3

(Table 9) P.
Simulation of impedance behaviour of equivalent
circuit B (Fig. 54b) under conditions B,

(Table 9) P.
Simulation of impedance behaviour of equivalent
circuit A (Fig. 54a) under conditions A,

(Table 9) P.
Simulation of impedance behaviour of equivalent
circuit A (Fig. 54a) under conditions A,

{Table 9) P.
Simulation of impedance behaviour of equivalent
circuit B (Fig. 54b) under conditions B,

(Table 9) P.
Complex-plane a.c. impedance plot for the Br,
reaction from 2.5 M NaBr/0.1 M HCl0, at Pt
showing a Warburg diffusion effect

accompanied by adsorption at a polarization

xvi

175

179

180

184

185

186

187

188



Fig. 61.

Fig. 62.

Fig. 63.

Fig. 64.

Fig. 65.

overpotential of 10 mV. P.
Complex-plane a.c. impedance plot

for the Br, reaction from 5 M NaBr

in 0.1 M HClo, at Pt RDE at a polarization
overpotential of 10 mV showing a) Warburg
diffusion effect accompanied by adsorption,

for two, low rotation rates (the one above:

120 rpm, the one below: 240 rpm) and b) no
Warburg diffusion effect for rotation rate
2400 rpm P.
Complex-plane a.c. impedance plot for Br,
formation from 5 M fresh NaBr in 0.1 M

HCl0, at polarization overpotentials of

150 mV at the Pt RDE (rotation rate:

2400 rpm). P.
Complex-plane a.c. impedance plot for Br,
formation from 5 M fresh NaBr in 0.1 M

HCl0, at a polarization overpotentials of

200 mV at the Pt RDE (rotation rate:

2400 rpm). P.
Complex-plane a.c. impedance plot

for Br, formation from a 5 M NaBr/0.1 M HClO,
solution at a polarization overpotential of
250 mV at the Pt RDE (rotation rate:

2400 rpm). P.

Complex~plane a.c. impedance plot for Br,

xvii

182

194

196

197

198



Fig. 66.

Fig. 67.

Fig. 68.

formation from a 5 M NaBr/0.1l M HClOQ,

with addition of 0.1 M Br, at a

polarization overpotential of 150 mV at

the Pt RDE (rotation rate: 2400 rpm).
Complex-plane a.c. impedance plot for Br,
formation from 2.5 M (fresh) NaBr in 0.1 M
HCl0, at a polarization overpotential 150 mV
at the preoxidized Pt electrode.
Complex-plane a.c. impedance plot for Br,
formation from 2.5 M (used) NaBr in 0.1 M
HC10, at a polarization overpotential 150 mV
at the preoxidized Pt electrode.
Complex=-plane a.c. impedance plot for Br,
formation from a 2.5 M NaBr/0.1 M HC1O,
solution at a polarization overpotential
150 mV at the preoxidized Pt electrode

with addition of 0.05 M Br,.

xviii

199

201

202

203



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

Table 10.

LIST OF TABLES

Formal Potentials (¥s Ag/AgBr)

for Br, Formation

Potentials of Zero Charge of Hg

in Various Halide Electrolytes [36]
Comparison of Properties of

CH,CN and Water [62]

Solubility of Some Bromide Compounds
Employed

Crystallographic Halide Ion Radii (nm)
and Hydration Energies AH, (kJ mol)
Estimated Concentrations of (Br;] for
Various Br/Br, Concentrations (K; = 10'? M)
Calculated Values for the Correction of i
for the Back-Reaction Effect
Experimental Data on Tafel Measurements
at Pt for Various Br" Concentrations
Experimental Data from Tafel Measurements
in 0.5 M NaBr (columns 2 and 3) and

0.1 M NaBr (columns 4 and 5)

€ and R Values for Simulations of the

Z" vs Z2' Relations

xix

13

27

49

49

85

122

133

145

147

183



LIST OF ABBREVIATIONS AND SYMBOLS

SERS Surface Enhanced Raman Spectroscopy
a.p.c. anodic polarization curve
r.d.s. rate-determining reaction step
cv Cyclic Voltammetry
WE Working Electrode
ER Electroreflectance
i current density (A cm?)
AUX Auxiliary Electrode
RDE Rotating Disc Electrode
RHE Reversible Hydrogen Electrode
NHE Normal Hydrogen Electrode
b coefficient in Tafel relationship
c Concentration
c Coulomb
E Electrode Potential
F Faraday
SCE Saturated Calomel Electrode
NCE Normal Calomel Electrode
q electron charge density (uC cm?)
¢ Fractional Surface Coverage
a Ellipsometric Phase Shift
X Ellipsometric Amplitude

XX



TFA
GCS
IP
WE
CE
RE

TEAB

h.e.r.

Rotating Platinum Electrode
observed

Faradaic Charge Transfer Resistance
Solution Resistance

Uncompensated Solution Resistance
Charge density

Activity of substance i in bulk solution
Adsorption pseudocapacity
Constant Phase Angle
Trifluoroacetic Acid
Gouy-Chapman-Stern

Ionization Potential

Working Electrode

Counter Electrode

Reference Electrode
Tetraethylammonium Bromide
interaction parameter in isotherms
overpotential

Dimensionally Stable Anode
Underpotential Deposition
Ionization Potentials

Hydrogen evolution reaction
Exchange Current Density

Double Layer Capacitance

Gibbs Surface Excess Function

Complex Dielectric Constant

xxi



ABSTRACT

Batteries are the most practical and, historically, the
earliest applications of electrochemistry. The zinc/bromine
flow battery (in aqueous or nonaqueous embodiments) has received
considerable attention in recent years as a durable,
rechargeable storage device for applications such as vehicle
propulsion and levelling of peak electricity usage. It is
therefore important to understand the kinetics and mechanisms of
the anodic and cathodic reactions of the bromine/bromide couple.
among the halide/halogen systems, the electrochemical kinetics
and mechanisms of the bromide/bromine system have particular
interest since this couple sometimes behaves 1like the
chloride/chlorine couple while at other times 1like the
iodide/iodine system. The effect of adsorbed halide ions at
so0lid electrodes such as chloride adsorption at Pt has been the
subject of a number of investigations.

In the present research, new experimental results on the
role of adsorbed bromide ion in the kinetics of anodic Br,
formation at platinum electrodes, using mainly electrochemical
measurements, are reported. The anodic peak currents in cyclic
voltammetry associated with the processes of surface oxidation
of Pt and bromine formation, during an anodic sweep, decrease as

the concentration of bromide in solution increases (NaBr or HBr

xxii



in 0.1 M aqueocus perchloric acid solution, cobalt bromide or
R,NBr where R is CH;, CH;, CH, in nonaqueous acetonitrile). This
js due to competitive adsorption between adsorbed Br and
electrodeposited OH or O species at platinum.

changes in rotation rate of a Pt rotating disc electrode in
Tafel polarization experiments have little influence on the
limiting currents that are observed in the Tafel plots; such
currents are therefore due to activation-controlled
recombination of discharged Br'. Rotation does, however,
eliminate some residual diffusion effect compared with the
behaviour in the complete absence of rotation.

The results from potential relaxation and a.c. impedance
measurements indicate that an adsorption process is involved.
For most cases, the theoretically appropriate mechanisms
involving a three-step process for bromide ion adsorption, Br’
electrosorption and adsorbed Br’ combination are introduced and
their applicability to the observed kinetics tested.

Most experimental a.c. impedance complex-plane plots are in
the form of two semicircles, showing that the anodic Br,
formation reaction is a two-step process involving Br' adsorption
and Br' combination. However, some experimental complex-plane
plots exhibit three semicircles which can be related to
participation of the tribromide ion in the process; this
suggests more complicated kinetics and mechanisms. Two
alternative new equivalent circuits are proposed for the purpose

of simulation of the frequency-response behaviour involving the
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role of Br,/Br adsorption, leading to the three semicircles in
complex-plane plots.

The ancdic bromine formation reaction is found to depend on
the concentration of the bromide solution, the type of electrode
and, certainly, the applied electrode potential, as expected.
Correspondingly, the type of information obtained depends on the
electrochemical measurement techniques employed; several
complementary ones have been used in the present work, as will
be explained in chapter 3.

The idea that "bromide" adsorption involves both adsorbed
Br' and Br, intermediates, as well as Br® and Br; ions, provides
a fuller basis for the understanding of the anodic formation
reaction of Br, than has hitherto been given, and of the
mechanisms and kinetics of the reaction that obtain in more
concentrated Br- solutions after elemental Br, has been generated
at the electrode surface following significant passage of anodic
charge. This introduction of the role of tribromide species is
required because of the known appreciable stability of the
tribromide ion. The results of the present research by
electrochemical methods provide gqualitative and quantitative

evidence for these suggestions.
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Chapter 1. INTRODUCTION

1, Significan f the Br/Br, Reaction
1 I ion

Electrode processes are chemical reactions at the metal-
electrolyte (solution or ionic melt) interface accompanied by
the transfer of electric charge between the phases in contact.

The pioneer work of Nicholson (1800), Faraday (1833), and
later Kohlrausch and others on the phenomena of electrolysis,
led to some of the first studies of electrode processes during
the nineteenth century, together with the research of Tafel
(1905) in the early twentieth.

During the past four decades, the dynamics and mechanisms
of electron-transfer processes have been studied extensively by
numerous groups and new advances made. Such research has been
made possiﬁle by the development of new experimental techniques
employing modern instrumentation, complemented by application of
transition-state theory to electrochemical kinetic processes.
As a result, both the kinetics of the electron-transfer process
(from solid electrode to or from the solution species) as well
as of pre- and post-electrochemical heterogeneous or homogeneous
chemical processes, can be characterized quantitatively. This
has resulted in a more profound understanding of heterogeneous

electron-transfer mechanisms.



In general, three types of electrode processes can be
involved: a) electron transfer in a redox reaction at the
electrode where both the reactant and product are stable
solvated ions, e.g. as in the cases of the Fe(CN) S /Fe(CN)/* or
Fe(H,0) . /Fe(H,0)/ couples. Such reactions are often rapid and
therefore diffusion-controlled; b) electron transfer producing
a radical-type intermediate that is chemisorbed at the electrode
surface and then, by a following heterogeneous chemical or
electrochemical step, a final, stable product is formed, e.g. as
for Br, formation studied in the present work and for the model
reaction of H, evolution; and ¢) reactions in which an
heterogeneous chemical step, e.g. dissociative chemisorption at
the electrode, precedes one or more electron transfer steps as
in electro-oxidation of H,, some hydrocarbons or methanol. Such
a process is involved in the electrochemical reduction of
molecular Br,.

Processes that involve more than one step, with one or more
chemisorbed intermediates involved (process b above), are often
referred to as "eiectrocatalytic reactions"; their rate
constants and mecﬁanisms depend on the electrode metal and the
state of its surface. Reactions of type (a) above usually do
not, but the Br, formation reaction studied in the present work
is a process of the electrocatalytic type.

| Detailed examination of the mechanisms of electrocatalytic
reactions have been limited to only a few reactions studied

especially at the noble metals [1] or their congeners Ni,Co,Fe.



Under conditions of "good electrocatalysis", faradaic reactions
proceed at practical high current-densities of the order of 100
mA cm? or more at an overvoltage of only 100 nV while H,
evolution at Hg regquires 1 V of overpotential to pass 1 mA cm?)

By the use of various transient methods, electrochemistry
has found extensive new applications for the study of fast
chemical reactions and adsorption phenomena. Thus, a
combination of thermodynamic and kinetic measurements has made
it possible for electrochemists to characterize the chenistry of
heterogeneous electron-transfer reactions in guantitative ways
and with detailed interpretations. Indeed, the 1992 Nobel Prize
was awarded to R.A. Marcus for this kind of work. Furthermore,
heterogeneous adsorption processes (ligquid-solid) have also been
the subject of intensive investigations, as well as mechanisms
of metal-ion complexation reactions through the use of various
electrochemical impulse techniques.

In the case of electrode reactions involving chemisorption,
added complications are caused by the presence of the solvent
and ionic specific adsorption in comparison with metal-gas
chemisorption. Nevertheless, the availability, through
electrochemical techniques, of the controllable variables,
charge or potential, provides important opportunities for
modulation of the adsorption and kinetic processes, not
available in gas/solid experimentation.

Although the anodic Cl, evolution reaction has received much

attention, due in part to its great commercial significance in



the "chlor-alkali" process, and has been the subject of several
review articles, much less information is available on the
anodic Br, formation process. Hence, it is both appropriate and
necessary here, as the first section of this thesis, to present
a fairly detailed review of this subject for the first time in
the electrochemical literature, except for an encyclopaedia type
article [2].

The word "Halogen" means “salt former". All halogens, with
the exception of At,, were first discovered in the period 1774-
1886. The fifth halogen element, At (Astatine), was found as an
highly radioactive substance (two isotopes, At and 2iat) with
limited stability and too unstable to occur freely in nature.
Bromides are less common than the widely distributed chlorides,
but sources are widely available; for example, sea water is less
than 10 M in bromides, but bromide can be also found in
underground brine, halide salts and the Dead Sea.

Bromine is commercially prepared mainly by the oxidation of
bromide ion, e.g. by chlorine:

Br (aq) + Cl,(g) - Br,(l) + 2Cl (aq) (1)
According to the ease of oxidation, in the order F' < C1" < Br" <
1-, chlorine is a stronger oxidizing agent than bromine, and the
equilibrium for this reaction lies well to the right in egn. 1.
Essentially all bromine is produced commercially by chlorine
oxidation of bromide ions obtained from underground brine, e.g.
as found in Arkansas.

The larger scale winning of bromine from brine that
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contains less than 0.2% of bromine as bromide requires an
industrial chemical process involving chemical engineering,
process control and a close study of various means to improve
overall efficiency. When the process was originally established
in 1889, bleaching powder was added to large batches of brine,
which enabled the liberated bromine to be carried off as vapour
in a strong current of air and subsequently condensed. The
introduction of electrolytic oxidation of Br" ion allowed this
batch process to be superseded by a more economically centinuous
one. Over-oxidation, leading to contamination of the bromine
with chlorine or bromate can, however, arise but is minimized by
sampling, chemical analysis and subsequent adjustment either of
the brine flow rate or of the electrolysis current.

Bromine is used to produce certain dyes, light-sensitive
silver bromide for photographic film, and sodium and potassium
bromides for sedatives and soporifics, as well as formation of
a variety of organo-bromine compounds. In recent years, an
electrochemical printing process was developed by IBM involving
anodic Br, formation from a Br'-salt which was reacted in situ
with a leuco-dye in the paper. Also, over the past 20 years or
so, an important rechargeable battery system involving Zn and Br,
has been commercialized and demonstrated in electric-vehicle
applications. This aspect of Br, electrochemistry is described

in more detail below.



1.1.2. Role of the Br,/Br Reaction in Zn/Br, Battery Operation

Batteries constitute one of the most direct applications of
electrochenmistry. The zinc/bromine flow battery, inveolving
aqueous or nonagueous electrolytes, has received considerable
attention [3—5] in recent years as a durable, rechargeable
storage battery, i.e., a secondary battery that can be recharged
and used again over many cycles. Some applications such as
vehicle propulsion and levelling of peak electricity usage are
important at the present time. An analysis of a back-fed porous
electrode for the Br,/Br  redox reaction has been made by Zee and
White [3]. A flow-by, back-fed porous electrode, in which the
reactant flows outside rather than through, the electrode, is
referred to as a diffusion electrode (3].

The 2n/2ZnBr,(aq.)/Br, cell behaves as a secondary battery
for energy storage. The Zn metal electrode is consumed when
energy is withdrawn form the cell and the 2ZnBr, electrolyte is
formed during the discharge reaction of the cell [3—7]. The
bromine and the metal is fed into the cell initially but
thereafter this type of battery is highly rechargeable. The
main purpose of this cell is to store energy, e.g., for load-
levelling, or to make it available from certain small mobile
units.

As uses of the zinc/bromine battery are increasing, more
extensive studies of the Br'/Br, reaction system are required,

especially at macro-electrodes. Therefore, the significance of



the present work is not only in relation to understanding the
kinetics and mechanisms of anodic bromine formation, but it is
also helpful for cell design and electrolyte selection in
rechargeable zinc/bromine battery technology.

In the process of charge or recharge of the Zn/Br, battery,
it is the reaction of formation of Br, that is involved and 2n
metal is redeposited from ZnBr, in solution. The Br, formation
(on charge) or reduction (on discharge) reaction normally takes
place on an high-area C-matrix cathode. However, for practical
reasons, in order to diminish its volatility and rate of
diffusion to the Zn anode material, and thus to diminish self-
discharge of the anode, the Br, formed anodically on recharge is
combined with morpholine as a donor-acceptor complex (cf.
pyridine/I, complexes). In most other respects the
electrochemical reactions involving bromine are the same as in
regular agueous bromide ion solutions.

In %n/Br, batteries the Br, electrode is not required to
operate above 50 mA cm? because of zinc dendrite formation which
otherwise occurs at the zinc counter-electrode, leading to
internal shorting. Since the design principles for flow-by,
back-fed porous electrodes were not well known, an analysis of
this electrode design has been presented [3] for the
bromine/bromide reaction:

Br, + 2e = 2Br’ (2)
Zee and White [3] conducted such a study as follows:

first, a mechanistic model of the steady-state process at the Br,
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cathode of the cell was developed; next, an experimental study
of the bromine/bromide redox reaction was made; then, least-
squares regression techniques were used to fit the model to
experimental data in order to obtain physically meaningful
estimates of the parameters; finally, the regression results and
the mechanistic model were used to analyze the physical
behaviour of a flow-by, back-fed porous Br, electrode [3].

In an actual 2n/Br, cell/battery in the charged state, the
Br, is complexed with morpholine; however, much of the bromine is
present in the forms of complex tribromide and pentabromide
ions:

Br, + Br" « Bry K = 16
2Br, + Br- = Bry Ky = 40
depending on the bromide ion concentration.

A different kind of rechargeable battery embodiment of a
new and interesting type involves a «c¢ell employing the
rechargeable bromine-bromide electrochemical couple but in a
l1-methyl-3-ethylimidazolium chloride/aluminum chloride low-
temperature, meclten-salt mixture. Experiments show that the
electrochemistry of +the bromine-bromide couple is complex,
possibly due to halide exchange in the chloroaluminate melt that
is used as the electrolyte.

Electrochemical investigations on l1-methyl-5-
ethylimidazolium bromide/aluminum bromide molten salt systems
for rechargeable batteries have been made by Boon, Wilkes and

Lanning [8]. They find that the oxidation of bromide in the



low-temperature bromoaluminate melts is more complex than
chloride oxidation in the analogous chloroaluminate melts and
occurs in two steps involving tribromide ion, as also found in
nonaqueous solvents e.g. acetonitrile. Otherwise, the melts
behave similarly to the analogous chloroaluminate system.

1.1 Role of Br Ions in Base-Metal Corr

The bromide/bromine system is also important in studies of
corrosion of iron and various alloys, e.g., bromide (halide) ion
adsorption has been reported to affect pitting corrosion of Al
alloys. Dallek and Foley [9] reported that, following the
initiation of the pit, the current rises rapidly and is then a
measure of the faradaic reactions associated with the pit
growth. The influence of C1°, Br, I and F on the initiation and
kinetics of pitting of an Al alloy (such as type 7075) was
studied over a wide range of temperature and concentration.

The adsorption of anions, especially halides, is also known
to affect the electrochemical dissolution of iron in a
complicated way. Under certain conditions, the anodic
overpotential is almost completely eliminated because upon
adsorption of anions on the iron surface, the latter becomes
depassivated. On a non-regenerated surface, however, the
adsorption of bromide ions from a 0.01 M solution already exerts
an inhibiting effect on the corrosion. Schwabe and Voigt [10]
showed, surprisingly, that the corrosion of iron in acidic
solutions is not only retarded by Br- but also by Cl° ions
(although Cl° ion usually acts as an activator). However, if the
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concentration of halide ions becomes increased in solutions of
constant pH, the rate of corrosion passes through a minimum (the
overpotential for hydrogen evolution goes through a maximum)
[10]. The rate-determining process at high anodic current-
densities is convective diffusion rather than an electrochemical
reaction step, and this process transports iron ions away from

the surface and carries anions to it.

1.1.4. Types of Processes Involving Br, in Relation to the Mechanisms
of the H, and Cl, Reactions

Liquid bromine has a high vapour pressure and the reddish
vapor can easily be seen in a bottle containing the liquid. It
is a deep reddish-brown liquid, three times as dense as water,
and is only slightly soluble in water with which it undergoes
the hydrolytic reaction:

Br, + H,0 = H' + Br + HOBr (3)

In weak sunlight:

2HOBr « 2H* + Br” + 0,(9) (4)
At room temperature, HBr is a gas. Br0O° may also
disproportionate:
3Br0O" = 2Br- + Bro, (5)

Like the anodic Cl, evolution process, the Br, formation
reaction has the following interesting and significant features:
(a) it is a simple anodic reaction requiring the discharge of

two Br- ions leading to the formation of the diatomic Br,

molecule after a chemical or electrochemical "combination"
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(b)

(¢)

(d)

(e)

type of reaction (see chapter 5);

it proceeds with high coulombic yields except in dilute Bx~
solutions where some 0, and bromine oxides may be involved;
the overall anodic reaction leading to Br, formation
formally has mechanistic features similar to those of the
cathodic H, evolution reaction for which much fundamental
kinetic and electrocatalytic information exists;
according to Novak, Tilak and Conway [11], the reaction
kinetics should be sensitive to the electrocatalytic and
adsorptive properties of the anode electrode material, both
for the reactant ion Br  and the intermediate Br’, as found
for the Cl, reaction; and

depending on Br' concentration, the reaction can proceed in
aqueous solutions at electrode surfaces that are partially
covered with an electrolytically generated oxide film or a
specifically (thermally) formed oxide film, as with
proprietary "dimensionally stable anodes" (DSA electrodes)
of Ru0,/Ti0, on Ti of the type used for anodic €1,

production.

1.2, Overview

1,2.1, Thermodynamic Aspects of the Br, Reaction

and Related Processes

Prior to considering kinetic and mechanistic aspects of the

Br, formation process it will be logical to outline some
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thermodynamic aspects of the reaction in so far as they bear on
to the experimental kinetic studies conducted in the present
work.

Reversible, Standard Electrode Potential, E°

At 298 K, the bromine-bromide reaction at equilibrium is
2Br’,, = Bry(ag.) + 2e E° = 1.087 V (us NHE)
having the indicated standard electrode potential, E°.

At the same temperature, the Ag/AgBr/Br- reference
electrode, as used in the present work (see chapter 3), involves
processes corresponding to the equilibrium reaction

Ag + Br = AgBr + e having an E° value of 0.071 V.

Then, thermodynamically, Br, can be formed at potentials
more positive than:

E°p-m, ¥S Ag/AgBr = 1.087 - 0.071 = 1.016 V
and oxygen will be evolved at or beyond a thermodynamic
potential:

E°pu+ ¥S Ag/AgBr = 1.23 - 0.07 = 1.16 V

For an undisturbed overall electrode reaction, the
following conditions obtain:

1) the Nernst equation holds for the zero-current potential;

2) stirring of the electrolyte has no influence on the zero-
current potential;

3) the zero-current potential is independent of the state of
the electrode, provided the electrode material(s) remain(s)
pure.

Calculated equilibrium potentials for bromine formation at
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various concentrations, based on
E = E° - (RT/2F) 1ln {Br}?
at 298 K, with E = 1.016 - 0.059 log [Br’'] vs Eamu: are the

following, assuming unit activity of Br,:

TABLE 1. Formal Potentials (vs Ag/AgBr) for Br, Formation

" Cp- (M) | 107 1073 10" 107 10 107 10% |

LE (V) 1.13 1.19 1.25 1.31 1.37 1.43 1.49 |

In practice, of course, the Br,/Br" electrode must be
established in an electrolyte of either an acid (HBr) or a
bromide salt (e.g. NaBr, KBr). Then the formal E values of
Table 1 have to be corrected to small extents for the mean
activity <coefficients of the electrolyte at various
concentrations 1listed. However, even for higher Br’
concentrations, the activity coefficient correction for say KBr
electrolyte would be only ca. 10 mV in the above table of E
values.

These data are important for giving, in the kinetic work,
an indication of the respective potentials above which, in
solutions having variocus Br  concentrations, Br, will just begin
to be, or expected to be, anodically generated.

The state of the electrode can vary depending upon its
pretreatment; this is important for the kinetics of the process
involved. Despite this, the equilibrium potential must be

independent of this state for thermodynamic reasons, since the
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state of the electrode manifests itself only in the velocity of
the equilibrium adjustment, i.e. on the exchange current-
density, iy, or the limiting reaction current density, but not on
the equilibrium value itself. A mixed potential, whose value
arises from coupling of the current-potential curve of the
reaction under investigation with that of an interfering or
alternative electrode process, e.g. as in corrosion of the
electrode metal, will, in general, depend on the state of the
electrode.

Common reactions involving Br- and molecular Br,, relevant
to processes investigated in the present work, are as follows,

with their standard potentials E° as listed below:

Br,(aqg) + 2e = 2Br’ 1.087 V
Br,(1l) + 2e = 2Br’ 1.065 V
HBrO + H* + e = %Br, + 3H;0 1.59 V
HBrO + H* + 2e « Br" + H,0 1.6 V
Bro; + 6H* + 5e = %Br, + 3H0 1.52 V
Bro, + 6H' + 6e = Br~ + 3HO 1.44 V
Ag + Br” -+ AgBr + e 0.071 V

Studies on the electrochemistry of Br, and its formation are
complicated by Br, and water being partially miscible; the
slightly soluble bromine in water makes two layers, where the
water layer is light brown, while pure bromine should be deep
orange. As the elemental Br, experimentally formed in anodic
kinetic work is normally a small guantity, it might be assumed
that electro-generated Br, remains in the solution homogeneously.
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However, the elemental Br, must initially be formed on the
electrode surface as a thin liguid film and subsequently pass
into solution, depending on the mass-transfer conditions that
obtain. In the present work, such conditions have been
controlled in some of the experiments by use of a rotating-disc
electrode.

Since how bromide becomes oxidized to bromine anodically is
the major aspect of interest, cyclic voltammetry experiments in
the present work were usually run with an upper limit of
potential substantially less than 1.5 V (RHE) [12] in order to

minimize elemental Br, formation in the liquid form.

1.2.2. Anion Adsorption in the Reaction Related tc
the Anion as the Reagent

1.2.2.a) Introduction

The effect of adsorbed substances at solid electrodes has
been the subject of numerous investigations because of its
interest fundamentally and the technical implications of such
adsorption effects. According to Woods [13], this is especially
true for noble metals that are used as electrodes or
electrocatalysts in fuel-cells and other applications. Also,
quite generally, the effects of specifically adsorbed ions, e.gq.
as studied in the electrode kinetics of H, evolution at Hg by the
Frumkin School and by Gierst [14] in earlier years, are usually
of major significance in electrode kinetics as account of their
modification of the structure of the interphasial double-layer

and the potential profile across the latter.
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Since experiments at Pt are usually performed in aqueous
H,S0, solutions, it is interesting also to know the degree of
adsorption of HSO, ions at Pt surfaces. The specific adsorption
of HSO, ions is, however, found to be much weaker than that of
the halide ions C1°, Br or I.

The necessity for considering adsorption effects that
cannot be interpreted in terms of simple electrostatic
interactions of the type analyzed by Gouy {15] (1910) and
chapman [16] (1913), is now well recognized. Stern [17]
introduced the concept of "specific" or chemisorption and gave
it a mathematical basis using a Langmuir-type isotherm (1924).
Also, adsorption of uncharged substances was already treated by
Frumkin [18] in pioneering work in 1926 and onwards by assuming
that a Langmuir-type configurational function in fractional
coverage is valid at constant electrode potential provided
particle-particle interactions are introduced much in the same
way as in the equation of state for real gases. Such concepts
have been applied to anion adsorption. Butler [19] also treated
electrical effects in organic molecule adsorption (1929) in a
related way.

Adsorption processes at electrodes can be broadly divided
into two groups according to the type of adsorption involved:
a) physical adsorption and
b) chemisorption.

Physical adsorption does not involve bonding to the

electrode of the kind that prevails in chemisorption and usually
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requires the introduction of an electrical variable (potential
or charge on the electrode) in description of the adsorption in
terms of an isotherm based on electrostatic polarization
energies. Conversely, bonding of a chemisorbed species with the
electrode is usually strong (< ca. -40 kJ wol!) and, if
sufficiently strong, may not be much influenced by the
electrical variable in the isotherm. The intermediate situation
of chemisorption with some significant influence of the
electrical variable on the isotherm parameters is more usual.
Randles [20] (1947) studied the influence of adsorbed ions
on the kinetics of various electrode processes and found that
they may either accelerate or retard the reaction, depending on
the conditions. According to Randles, the overpotentials of
metal deposition on amalgams are decreased by added anions in
the order PO, NO,, <c€loy, Cl°, Br, I, i.e., to an increasing
extent related to their order of specific adsorption. Since the
overpotentials for deposition of numerous base metals are
usually relatively small for appreciable current-densities
(10~100 mA cm?), the overpotential decreasing (retardation)
effect of anions is weak for such cases. Based on Randles'
interpretation of transient responses to electrical perturbation
of electrodes, he concluded that the simple activation-
controlled charge-transfer step was rate-determining in such

metal deposition processes.
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1.2.2.b) Halide Adsorption at Noble Metals: competitive
Effects with H and OH or O Electrosorption

According to the early work of Slygin and Frumkin [21]
(1934), "capillary-active"' anions competitively decrease the
adsorption energy of H-atoms, their effects increasing in the
order SO* < Cl1° < Br < I Br- ions are found to be
significantly "capillary-active" in changing the surface tension
of Hg (see section 1.2.2.d and the footnote below) from the data
of Lawrence, etc. [22].

The state of adsorbed halide ions at noble metal electrodes
has been studied by means of:

(1) cyclic-voltammetry for study of changes in H adsorption and
surface oxidation, due to competitive halide coverage;

(2) relative reflectivity changes and

(3) a direct method, using radicactively labelled ions, as
referred to in section 1.2.2.e.

Breiter [23] suggested that adsorbed halide ions
practically replace electrodeposited oxide species at noble
metal surfaces, but such an effect depends very much on the
halide ion concentration and potential. However, in the
cathedic direction of the sweep, adsorbed halide ions can be
desorbed in the H adsorption region at Pt if their concentration

is not too high, < 10? M. Since Br, formation occurs at less

"This term originated from the use of the Lippmann capillary electrometer for study of
adsorption effects at the liquid Hg interface in a capillary tube, with ionic solutions — the
so-called "electrocapillary effect”, cf. Butler’s monograph (1940) titied "Electrocapillarity”.
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positive potentials than those for Cl, evolution, Breiter
concluded that Cl, evolution most probably occurs in parallel
with oxide formation processes while, in the case of Br,
formation, it proceeds initially on free Pt-metal surface sites.
Thus, when anodic bromine formation becomes significant, the Pt
is not appreciably covered by oxide species (depending on the Br’
concentration), as demonstrated in the present work.

In the presence of Br  or I° ions, as well as of CI ions at
higher concentrations, formation of OH and O species,
constituting the initial monolayer oxide film at Pt, is
inhibited.

Adsorption of Br- ions on platinized Pt electrodes in 0.5 M
H,S0, has been studied by Bagotskii [24]. The aim of the work
was to investigate the effects of Br’ ion adsorption on both H
and surface oxide coverage at Pt electrodes. In order to
determine surface coverage of the electrode upon adsorption of
Br- ion, they used three complementary techniques:

(a) measurement of decreases in oxide coverage;

(b) observation of redistribution of states of adsorbed H and

(c) measurement of decrease in methanol adsorption (see
section 1.2.2.c) caused by competitive adsorption of Br’.

The first technique, if used above 1.1 V E,, 1leads to
oxidation of adsorbed Br, to Br,, and thus can be employed only
for the potential range 0.5 V to 1.1 V E,;, depending on
concentration (see Table 1}.

In the second method, the amount of H strongly bonded to
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the Pt surface decreases as a result of Br  adsorption but the
amount of weakly bonded H apparently increases; the distribution
of the extent of adsorption of H with potential is changed by
the presence of co-adsorbed Br  ion.

At relatively high concentrations of halide ion in solution
(> 0.1 M), Pt electrode surfaces undergo significant anodic
dissolution by forming complexes of the type PtX,” or PLtX,
especially at elevated temperatures and depending on the anode
potential. Such processes do not, however, occur in experiments
where the halide ion concentrations are relatively 1low in
comparison with the concentration of the supporting electrolyte
(HCl0, cr H,80,) and if ordinary temperatures are inveolved.

The redistribution of adsorption states and blocking
effects caused by very small concentrations (down to 10% M) of
various anions (€1, Br and I') on the profile for underpotential
deposition of H at Pt, and the surface oxidation profiles at Au
and Pt, have been investigated by Breiter [25] and by Conway and
Novak [26]. These experiments were carried out by titrating
into a dilute supporting electrolyte of H,S0, or HClO, very small,
but controlled, quantities of a standard solution of salt of the
desired additive anion by means of a micrometer syringe.

In the case of the H UPD profile at Pt, studied by Breiter
[27] (1963), it was shown that the two principal peaks observed
in 1 M H,80,, i.e., at relatively high HSO; concentration, were
shifted to 1less positive potentials as the halide ion

concentration was increased. The sensitivity of the effects was
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larger in the order Cl° < Br < I and were confirmed by
Stonehart's results [28] later.

Frumkin, Balashova and Kazarinov [29] (1966) had found that
the adsorption of anions at Pt increases in the sequence S0,” <
Cl" < Br < I, the maximum charge associated with the adsorption
of these anions in this sequence being from 15 to 140 uC cmi.
The developments concerning effects of anions on anodic
oxidation of hydrogen on Pt electrodes have been surveyed by
Frumkin, Sobol and Dmitrieva [30] (1967).

Bagotskii, Vassilyév, Weber and Pirtskhalava [31] (1970)
established that the adsorption of Cl°, Br, I, SCN, ClO,, Broy,
NO,, Clo; and HSO, anions at Pt could be described by a
logarithmic isotherm. These workers had also observed similar
behaviour to that in Breiter's study, i.e., the sensitivity of
the effects is larger in the order Cl1° < Br < I, a not
unexpected result, based on the order of donicities and
hydration energies of these ions.

Adsorptivity of ions can also be determined from the
potential shift that arises upon their introduction, under
isoelectric conditions, into a solution containing only weakly,
or non-, specifically adsorbable ions. Such "adsorption"
potentials of anions (Cl°, Br, I) were determined on platinized
and smooth platinum in work by Frumkin [32]. A related scale of
vadsorptivity" also follows from the hierarchy of effects of
anions, at a given concentration, on the potential of zero

charge of a Hg electrode (see 1.2.2.d and chapter 5).
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1.2.2.c) Competitive Effect of Br on CH,0OH Adsorption at Pt

It was mentioned in 1.2.2.b that Bagotskii et al [24] had
proposed that anion adsorption effects could be characterized
not only by their competition versus the elementary steps of
surface oxide film formation but also by their interference with
methanol adsorption and its electro-oxidation at Pt. Such
effects are not, of course, involved in the Br, formation
reaction studied in the present work but they illustrate, in
another context, the affinity of the Br' ion for noble metal
electrode surfaces and resulting effects on electrode processes
thereat. The processes involved will therefore be only briefly
referred to here.

The procedure used in their experiments was based on the
observation [24] that a monolayer of CHOH (or derived
chemisorbed species) become adsorbed only on that fraction of
the surface not occupied by Br  ions.

The coverage by chemisorbed species derived from CH;0H,
determined in all three methods (a), (b) and (c) referred to in
section 1.2.2.b, can be determined by the fast anodic or
cathodic pulse technique [24] in which the decrease in total
charge for either oxide or hydrogen adsorption is measured. 2
limiting coverage by Br ions is found to be reached at
concentrations of Br” > 10 M in the potential range 0.3—1.0 V Ey
at smooth Pt electrodes in the case of competitive adsorption
with CH;0H. When the limiting coverage of Br' ions was attained,

there could be 40% of a monolayer of oxide co-adsorbed on the
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surface. At potentials higher than 1.0 V E,, a decrease in
surface coverage by Br  ions occurs due to oxidation of Br ion
to Br,. These observations are relevant to those made in the
present work on the competition between surface-oxide film
formation and Br  ion adsorption (see 1.2.2.b).

An interesting difference between the state of adsorbed Cl-
ion at Pt and that of Br  or I was determined by Sobkowski and
Wieckowski [33]) in their studies on competitive adsorption with
CH;,OH. The rate of adsorption of CH,0H at 0.5 V E; was decreased
in the presence of halide ions when simultaneous adsorption of
a given ion and the molecule was taking place. The differences
in behaviour of the halide ions were attributed:

(a) to the greater electrostatic interaction of the Cl° ion than
that of Br or I, with Pt and

(b) in the case of Br and I, to some supposed reactions of
these ions with the species derived from dissociative
chemisorption of CH,0H.

1.2.2.d4) Adsorption of Bromide and Other Halide Ions at Hg

While the chemisorptive properties of Hg are substantially
different from those of Pt (since the latter is a transition
metal having an incomplete d-band), much useful absolute and
comparative information has been obtained by studies of
adsorption of halide ions including Br’, at the Hg electrode
using the classical techniques of surface tension ¢y and double-
layer capacitance (C,;) measurement. Hg is thus to be regarded
as a kind of "reference system" for ion adsorption information,
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especially in a comparative way for a series of chemically
analogous anions such as the halides. Additionally, evaluations
of shifts of potential of zero chgrge (cf. Fig. 1, [22]) from
electrocapillary or C, measurements in dilute solutions provide

information on relative strengths of ion chemisorption at Hg.
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Fig. 1. Electrocapillary curves for KBr solutions
on the Hg electrode [22]

Bromide ion adsorption has Dbeen studied by the
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electrocapillary method using the cell

cu | Pt | Hg | KBr solution | Hg,Br, | Hg| Pt | cu’
for which potentials were measured for a series of polarizations
of the Hg capillary electrode on the left-hand side of the above
cell. Typical behaviour is exemplified by the electrocapillary
curves for KBr adsorption at Hg shown in Fig. 1. The resulting

changes of ¥ of the Hg in ag. KBr are given by the Gibbs-

Lippmann equation
dy = -gq"dE - Ty+dpgy, (6)
where E 1is the potential of the reference electrode (here
Hg/Hg,Br,) reversible to the relevant anion.
The behaviour is related to g% by the Lippmann equation ,cf.
egn. 6)
a = -~ (37/9E) rp e (7)
re+ at a given point on the curve is determined by
differentiating graphically a plot of 7y, at constant E, versus
log a,?, where a, 1s the mean activity of KBr in the solution.
From the thermodynamics of surface tension changes at electrodes
{6], the value of I is given [noting that gM = -F(Ty+ + Tp.)] by
Tpe = (qM/F) + Ty (8)
which is then the wvalue of the relative surface excess of
bromide ion at given values of E and a,. A useful pictorial
representation, summarizing the various integral and
differential relationships between v, d, I and C, is shown in
Fig. 2.
At every point along each electrocapillary curve in Figure
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1, the corresponding values of the excess charge density, 4", on
the metal and thence from egn. 8 and egn. 6 the relative surface
excesses of potassium and of bromide ions can be determined.
The experimental results quoted here were those obtained by

Grahame, Poth and Cummings [34)] for KBr solution.

Units
-2
Ditferentigtion 1 erg cm
Integration
1_|,C cm 2
or
moles ¢cm-2
P.F cm'z

or
moles V-! ecm-?

pF V-l cm-2
or
moles V < cm-2

/wilh respect to electrical potential.
\ with respect 10 chemical potentia! of i.

Fig. 2. Fundamental relations in electrocapillary
thermodynamics [6]

Lawrence, Parsons and Payne [22] (1968) also determined
electrocapillary curves for KBr solutions (Fig. 1), as in the
works of Devanathan and Peries [35], and Grahame, Poth and
Cummings [34]. Specific adsorption of the Br’ anion caused a
marked decrease in y at all potentials on the positive branch of

the electrocapillary curve, and the potential of zero charge was
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shifted in the negative direction,

adsorption.

as expected for anion

Some comparative data on values of p.z.c. at Hg are listed

in Table 2 which illustrate the dependence of the p.z.c. on a)

the type of halide anion and b) its concentration in solution.

TABLE 2.

Potentials of Zero Charge of Hg

in Various Halide Electrolytes [36]

"- Electrolyte

Concentration (M)

E, (V) vs NCE

=

1.0
0.1

[= ]«
o
=

Q
o
=

-0.472
-0.472
-0.480
~-0.482

” Nacl

-0.556
-0.524
-0.505

“ RBr

-0.65
_0058
-0.54

K1

COKRO 8!—‘0 = Wo

1

oO0DOR [OO0OK |OO0F
. "

1

-0.82
-0.72
-0.66
-0.59

The data in Table 2 demonstrate that chloride, bromide and

jodide are all specifically adsorbed at Hg, except for fluoride,

since the potentials of 2zero charge bhecome shifted as the

concentrations are increased, e.qg.,

in NaCl, KBr and KI.

The degree of anion adsorption is also a function of

electrode surface charge and undergoes an inflexion at moderate

positive charges.

1.2.2.e) Optical studies of Bromide Adsorption at Pt

A more direct approach for study of halide ion adsorption
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at electrcdes is by means of optical reflectivity measurements
including analysis of the state of polarization ef light
reflected from electrodes (ellipsometry). A number of works
[25, 37-43] have addressed this matter and include optical
studies on Br ion adsorption at Pt [37], Ag [38] and Au [39].

Halide ion adsorption on Pt electrodes was studied using
ellipsometry by Chiu and Genshaw [40] where the main effect is
a diminution of the phase-shift parameter a. However,
ellipsometry is not as sensitive as voltammetric techniques;
thus Br- adsorption is already detectable from 10°® M Br" solutions
by the latter method but only at concentrations > 103 M in
ellipsometry. However, Barrett and Parsons [41] measured the
relative reflectance changes, aR/Ry, caused by C1° and Br’
adsorption at Pt and showed that lowering of the reflectance was
detectable, in their experiments, even with 10° M solutions of
bromide. They stated that the increase in coverage of adsorbed
Br- ions with increasing anodic potential could be determined
from the lowering of the relative reflectance ratio, aAR/Ry, for
light polarized parallel (|]) to the plane of incidence, caused
by the adsorption of Br  ions from the solution.

Gottesfeld and Reichman [42] used combined ellipsometric
and reflectometric measurements to follow halide anion
adsorptirn at very low concentrations at Pt. Two effects were
involved: a) the change of optical éonstants increased with
coverage, #p-, by the adsorbed Br  anion at constant potential;

this causes an increase in the refractive index of the solution
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region of the double-layer and thus of the complex dielectric
constant of the surface metal atom layer due to the increase in
excess positive charge. These two contributions were estimated
in terms of (da/d8,-), for constant potential. b) The change of
electric field across the interphase due to the film of adsorbed
bromide ions at constant coverage can also result in a shift of
the optical constants of both the metal surface layer and the
layer of the specifically adsorbed ions themselves (pciarization
effect). These effects were considered in terms of (da/dV, ) for
constant Br- adsorption (f,). This derivative has a negative
sign due to Br° ion coverage. Interpretations were given in
terms of a model in which field-induced charge-transfer arises
from the adsorbed layer to the metallic substrate causing a
decrease of the effective film thickness and its refractive
index, as well as its extinction coefficient.

The specific adsorption of Br  ions was also studied on a
gold electrode by Anderson and Hanson [43] in the presence of an
excess of non-specifically adsorbed supporting electrolyte, NaF,
by the reflectance technique, accompanied by cyclic~voltammetry
measurements.

Ellipsometry measurements by Breiter [25] (1962} showed
that a concentration of 8 x 10% M Br  leads to considerable
adsorption of Br- ion at a Pt electrode, resulting in a decrease
of the phase parameter a with increasing potential in the
"double-layer" potential region. The observed decrease in a,

which also accompanies oxide formation, was found to be shifted
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to higher anodic potentials in the presence of Br  ion. This
observation is consistent with the cyclic-voltammetry behaviour
which reveals [25] competitive adsorption between

electrodeposition of OH and 0 at Pt, and Br chemisorption.

1.2.3. Anodic Reactions Involving Br and Br, Formation

1:2.3.a) Introduction

The electrochemical behaviour of the bromide/bromine system
in aqueous and nonaqueous solvents has attracted the attention
of various workers, e.qg., Breiter [23,25,27], Conway [11,26,44],
Biegler [45]), Yeager [46] and Bagotskii [24,31], etc. For
example, cyclic voltammetric and. ellipsometric studies of
processes involving bromide in agqueous medium (HClO,) have been
made, but few reports describe the voltammetric behaviour of Br-
/Br, in nonaqueous media such as CH;CN [47] where competitive
surface oxide formation does not arise in dry solutions. The
conclusions are, however, mainly qualitative in character and
few publications on quantitative aspects of the kinetics of the
electrode reactions inveolving Br® and Br, have appeared [48,49].
1.2.3.b) Aqueous Selutions

The earliest reliable data on anodic bromine formation
kinetics seems to be that obtained by Chang and Wick [50] in
1935 at Hg and Ir using the conventional polarization
measurement procedure for evaluation of Tafel relations. They
reported systematic studies on the Br,/Br reaction for which the

overall reaction at the Br,/Br’ electrode was 2Br  « Br, + 2e.
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They nbserved only small overpotentials at the Hg electrode even
at appreciable current-densities, i.e., the process occurs with
relatively 1little kinetic retardation compared e.g. with H,
evolution at Hg. However, the overpotential is appreciable at
Ir electrodes and its variation with current density obeys the
Tafel equation, as confirmed by the work of Loschkarew and Esin
[51] in 1938. Chang and Wick [50] obtained the following data
for the exchange current-densities, ig, and transfer
coefficients, a for anodic Br, formation from 1 M KBr:
i, = 3 x 107 A cm?, @ = 0.6

(¢ increased with temperature to 1.07 at 353 K.)

Cooper and Parsons [52], in a more modern apprcach (1970),
studied the kinetics of the bromide/bromine electrode reaction
at Pt in agqueous sulphuric acid by means of impedance
measurements. The frequency response does not follow the
behaviour expected for a Randles circuit [53) (Fig. 3); however,
the addition of an adsorption capacity across the diffusional
(Warburg) impedance W then seems to give a more satisfactory
equivalent circuit. Study of the concentration dependence of
the exchange current suggested that the rate-controlling step
(52] is Br = Br’ + e (Fig. 4).

Various authors have reported work on adsorption of Br® at
a platinum electrode in aqueous medium as discussed earlier.
The current/voltage curves obtained by Yeager [46] with aqueous
solutions containing lithium bromide show two waves, starting at

an initial potential close to 0.85 % 0.03 V, referred to the
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Ag/AgBr electrode. The origin of the two waves is probably

connected with oxide film formation together with Br, formation.
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1.2.3.¢c Nonaqueous Solutions

Interest in study of the Br, formation from non-agueous
aprotic media arises because competitive anodic oxide-film
formation at the electrode surface does not occur, at least if
the non-aqueous solution is sufficiently dry. However, even
traces of water can lead to monolayer oxide film formation at
Pt.

Twasita and Giordano [47] (1969) studied the kinetics of
the bromine-tribromide redox processes on Pt electrodes in
anhydrous acetonitrile solutions using a Pt disk working
electrode rotated at 200—2000 rpm. They found that both the
anodic and cathodic current/voltage behaviour was characterized
by two well-defined waves which they attributed to the existence
and stability of the tribromide ion (Fig. 5). They stated that
the bromide ion, in acetonitrile as solvent, can be oxidized to
Br; and to Br, in two steps. The experimental results indicate
that the first and second anodic steps are

3Br  — Br; + 2e I
2Br; - 3Br, + 2e II

Both waves exhibited some degree of irreversibility. On
the basis of the experimental data, the above two reaction
mechanisms were advanced. Iwvasita and Giodano also found a
third wave in the anodic current/voltage plot. A first
hypothesis argqued that the reagent of the third wave was an
intermediate in the Br, formation reaction and that the formation

of this Br, (I) as the reagent in step (II) is competitive vis
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d vis the presence of Br  as the reagent in step (I). The
intermediate species, supposed by many authors, are bromine
atoms adsorbed on the platinum; such species are, of course,
formed both in aqueous and nonagueous media. The reaction

mechanism for the third process would be:
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Fig. 5. Anode current/voltage curves in CH,CN, Cpr, 0.0139 M [47]

Bry + S -+ Br, + S/Br’ + e (a)

where S is a surface site on the electrode, followed by
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S/Br - %Br, + S (b)
Either (a) or (b) arises as the third step, competitive
with reaction II (p.33).
Two mechanisms of the bromine-tribromide-bromide system at
the Pt electreode in CH,0H were therefore assumed to be as

follows:

Mechanism A

Br + S = S/Br + e 1
S/Br’' + S/Br = Br, + 28 2
Br, + Br’ « Bry 3

Mechanism B

Br + S - S/Br’ + e 1
S/Br' + Br' - Br, + S + e 2
Br, + Br' « Bry 3

where S stands again for a surface site and S/Br represents a
bromine atom adsorbed on the surface site.

Iwasita and Giordano [47] suggested, based on their kinetic
data, that the reaction mechanism A is preferred.

The second hypothesis B supposed that the reagent of the
third process is just the "Br" species" adsorbed on the platinum
surface and the competitive reactions are again Br; and Br,
formation. However, note that Br  and I" chemisorption occurs at
Pt with appreciable charge transfer, so it is not the fully
charged Br- that is the anode reagent (see chapter 5).

Thermodynamic considerations of the experimental findings,
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i.e. the anodic unreactivity of Br, and the gquasi-reversible
behaviour of the second electrode reaction B—2, strengthen the
above second hypothesis B. However, in the presence of Br® ions,
the mechanism predicts the Br, and S/Br' potential values, and
consequently does not require that the supposed equilibrium S/Br
« %Br, + S be fast. Therefore, the mechanism B, these authors
concluded, should be rejected.

In the case of acetonitrile solutions, Iwasita and Giodano
also found, when bromide ions and bromine are present, that two
types of current/voltage curve arises [47], depending on the

Br'/Br, concentration ratio. With excess of bromine, only one
anodic wave appears while the cathodic wave remains the same.
When bromide ions are in excess, the anodic curves remain the
same, while the cathodic curves show only one wave.

Since the stability constant for process Br  + Br, « Bry is
large enough, viz, K., = 16 (aqueous [54]), Kg,-y = 107
(nonaqueous [55]), the observed limiting current must be related
to the Bry reacting species involved in reaction step II (p.33).

When the concentration ratio of bromine to bromide ion is
greater than one, the tribromide concentration would correspond
approximately to the initial bromide concentration; when the
concentration ratio is 1less than one, the tribromide ion

concentration can be taken as the initial bromine concentration.

1.2,4. Electroanalytical Aspects of the Br, Reaction

Measurement of currents associated with electro-oxidation
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of Br to Br, affords a procedure for electro-analytical
determination of Br  concentrations.

Laitinen and Kolthoff [56] suggested the use of the
rotating platinum electrode for the amperometric determination
of bromine, since with this electrode there is a proportionality
between diffusion-current and concentration, at constant ionic
strength. El Wakkad et al [57] reported a single anodic wave,
corresponding to the oxidation process 2Br’ — Br, + 2e, which is
obtained at a smooth platinum electrode in a 5 x 10® M bromide
solution in 1 M HClo,. Its half-wave potential is 0.970 V and 1is
independent of pH of the solution at constant Br  concentration;
therefore, a decrease in the pH of the solution may cause the
oxidation wave of bromide to bromine to overlap the wave for
evolution of 0, from water. At bromide concentrations of 5 X 10
M, the masking of the former wave by the latter takes place at
pH-values greater than 8. The process involving Br  appears to
be completely reversible in 1 M HCl0Q,;, independent of the state
of the electrode. The main diffusion 1limiting current is
proportional to the bromide (ion) concentration. It is clear
that at a sufficiently high i, for the charge transfer and
desorptive reactions, a diffusion-step must become rate-
determining.

Voltammetric determination of iodide and bromide at the
rotating pyrolytic graphite (R.P.G.) electrode has been studied
by Dryhurst and Elving [58]. A typical method for determining
bromide in the presence of chloride on a microscale is the well-
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known procedure of van der Meulen [59]. Bromide gives only one

analytically useful anodic wave at the R.P.G. electrode.

h r2 B F THE P ENT WORK

The overview of previous work on the adsorption and
electrochemical reactions of bromide ions, given in chapter 1,
chows that the adsorption of Br  ion and its reactions at Pt has
attracted considerable attention [12,21,23,25-—27,45—47,60,61].
However, substantial further work is needed to characterize and
interpret anodic Br, formation kinetiecs in relation to Br’
adsorption, complexation with Br, and interference with Pt
surface oxide formation, and especially the role of chemisorbed
Br' and Br, intermediates.

The aims of the present work have therefore been to
determine mechanisms of the Br’/Br, system, particularly its
anodic reaction kinetics as bromide ion becomes adsorbed and
bromine is formed. .lso, since stable tribromide ion exists, it
is suggested that an adsorbed Br, intermediate, in addition to
Br, must also be taken into consideration in the overall
reaction mechanisms that are involved, depending on relative
concentrations of Br' ion and molecular Br,.

The standard reversible potential is 1.0%9 V vs. NHE, so
that significant current-densities for Br, formation on noble

metals can usually arise prior to 0, formation, the standard
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reversible potential for which is 1.23 V vs. NHE. In thnis
respect, the reaction differs from Cl, evolution which proceeds
normally above the thermodynamic potential for O, evolution and
well into the range of potentials over which Pt surface oxide
formation takes place. The electrochemical Br, formation
reaction is found to proceed under most conditions (i.e. except
from dilute Br~ solutions) at the electrode metal surface.
Therefore, the electrode kinetic behaviour of the bromine
formation reaction, and the role and identity of adsorbed
intermediates involved, are of major interest in the fields of
electrocatalysis and electrosorption, especially at halide
metals.

The present research project involves examination of the
effects of Br  ion concentration on the anodic Br, formation
reaction, the reversibility and stability of oxide films in the
presence of Br- ion, on the Pt electrode at which the reaction
takes place, and steady and non-steady-state measurements of
anodic Br, formation on the Pt RDE together with effects
associated with Br' and Br, adsorption.

adsorption in an electrocatalytic reaction involves
coverage both by the reactant species (here Br’ or Bry) and by
the kinetically-involved intermediate(s), and depends on the
material nature of, and the overpotential at, the electrode.
The coverage by chemisorbed species normally appears explicitly
in the expression for the reaction rates, and needs to be

experimentally evaluated, where possible, in a proper kinetic
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study of the electrocatalysis involved.

The principal objective has been to study the role of
chemisorbed bromine species (Br” ion and the intermediates Br or
Br,) in the electrocatalytic reaction steps, to examine how their
behaviour at electrode surfaces can be experimentally deduced by
electrochemical and physicochemical means, and to investigate
and characterize the kinetics and mechanisms inveolved in the
anodic Br, formation reaction, taking into account the above
factors, hitherto little examined in the case of anodic Br,
formation.

The following three major types of electrode processes need
to be distinguished in the present work:

1) Processes without adsorption of the reacting bromide species
(unlikely here);

2) Processes with chemisorption of the reacting bromide
species;

3) Processes with potential-dependent adsorption of reacting
bromine intermediate species.

For each of these types, the following cases need to be
considered:

a} No specific adsorption of supporting electrolyte ions;

b) Adsorption of supporting electrolyte ions involving ionic
specific adsorption or physical adsorption of an uncharged
substance (not involved here, except for the solvent H,0
molecules and possibly the reaction product, molecular Br,).

¢) Chenmisorption of a species not participating directly in the
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electrode process (not involved in the Br’/Br, reaction case
here), and

d) Adsorption or blocking of the surface by a reaction product,
here Br, molecules or a thin liguid film of Br,.

Attention will be also given to the following factors which
can influence and conmplicate the reaction kinetics of Br,
formation and the interaction of Br’ and Bry with the electrode:
(a) the state of oxide film formation at the anode (Pt) at

which Br" discharge and Br, formation are occurring;

(b) competitive formation of the oxide film at Pt vis a vis Br’
deposition and Br" adsorption;
(c}) role of mass-transport of Br ion in its discharge and of Br,

molecules away from the electrode in relation to anode
current-density values; and

(d) adsorption or blocking of the electrode surface by Br,
molecules formed in the reaction (as in c above) and their
diffusion or hydrodynamic transfer away from the electrode,

e.g. at a rotated disc electrode.

Chapter 3. EXPERIMENTAL

3.1. Electrochemical Systems Examined

Experiments on the Br, formation reaction in the present

work have been mainly conducted in:
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a) aqueous HBr (10%, 107, 10%, 103, 107, 10? and 102 M) in HClO,;

b) aqueous NaBr (0.5, 1, 1.5, 2, 2.5, 3 and 5 M) in HC10,;

¢) nonaqueous CoBr,, (CH;),NBr, (CH,),NBr and (C;H;) ,NBr in CH,CN;
and

d) nonagueous KBr in trifluoroacetic acid (TFA).

3.2, Cell

studies of the bromine formation reaction were made in an
all-glass 3-compartment cell with three electrodes, the working
and counter electrodes and an appropriate reference electrode,
Ag/AgBr. The electrical circuit, connected to the cell for
steady-state pclarization and potential relaxation measurements,
is as shown in Fig. 6.

Concentrated sulphuric acid was used as a cleaning agent
for soaking electrodes and the cell (often overnight), and
double-distilled water was used for rinsing and solution
preparation.

In ordec to be meaningful, potential measurements must be
made relative to a stable reference electrode. This reference
electrode takes the form of an electrochemical half-cell placed
either directly in the solution examined or in a connecting but
separate cell compartment, as in the present work. In this way,

electrolytic contact with the test solution is made.
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Fig. 6. Electrical circuit connected to the cell for
' steady-state polarization and potential
relaxation measurements

3.3. Electrodes

3.3.1. Working Electrodes

3.3.1.a) Introduction

A Pt wire electrode or a platinum rotating disc electrode
(Pt RDE) was used as the working electrode (WE) in the Kinetic
and adsorption studies.

Because of the corrosive nature of the electrochemical

oxidative process involving Br, formation, platinum was chosen as
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the preferred working electrode material for all experiments on

the anodic bromine formation processes and because some previous

works in the literature had been carried out at this metal.

Platinum foil, wire or gauze can be used as an electrode and its

physical form has no significance; however, it is desirable to

make electrodes sufficiently large to maximize sensitivity of
measurements.

There are normally two types of working electrodes that can
be used:

a. stationary electrodes such as are employed in a quiet
solution or in an externally stirred solution, as well as in
flowing electrolyte; and

b. rotated disc electrodes (RDE) used at moderate or high
rotation rates in order to provide Ligh mass-transport rates
of Br or Br, to or from (respectively) the electrode disc
surface (see 3.3.1lc below).

3.3.1.b) Pt Wire

At least one electrode design involved the incorporation of

a Pt/Ag weld into the metal-glass seal. For making the seal,

the easiest procedure is to use soft-glass tubing to mount the

Pt wire; then, after careful annealing, the seal will be stable

and vacuum-tight.

3.3.1.¢) Pt RDE

In order to control and maximize mass-transport effects
associated with Br, removal from the surface region of active

electrodes, a number of experiments were conducted at a Pt disc
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electrode rotated at 1600, 3600 and 6400, r.p.m., as well as at

lower rates and 0 rpm (without rotation) for comparison.

The purposes of the experiments at a Pt RDE were:

1. To be able to control reactant mass—-transfer to the
electrode when Br  diffusion control may be operative at low
reactant Br concentration and/or with fast reaction
kKinetics.

2. To distinguish whether the approach to a limiting current
density, i, is activation or diffusion-controlied.

3. To spin away a product of the reaction, e.g., Br,, the
reaction product in the present work, in the anodic bromine
formation reaction.

Rotated electrodes allow controlled mass-transport
conditions to be achieved when diffusion processes are involved
at an electrode at which current-potential curve deﬁérminations
are to be made. Under some conditions, diffusion control can be
eliminated at sufficiently high rotation rates as the diffusion-
layer thickness diminishes in proportion to the square-root of
angular rotation velocity. However, with rapid, gquasi-
reversible systems, the rotated-disc electrode may supply
insufficiently high-enough mass-transport rates that the
electrochemical system shows mixed charge and mass-transfer
control. Therefore, the reversible potential, E, values may
shift due to increasing irreversibility as increasing rotation
rates allowed greater diffusion currents to pass with systems

which are on the borderline of reversibility.
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Usually a range of rotation rates is employed from O rpm
(normal static condition) up to a maximum of 10,000 rpm. Quite
often the required information can be achieved over a range 0 to
ca. 5000 rpm especially as rates as high as 10,000 rpm may

entail mechanical and hydrodynamic difficulties.

A platinized platinum gauze was used as the counter
electrode (CE) in the cyclic voltammetry experiments.

In other types of experiments, a Pt counter electrode made
from a platinum foil of thickness around 0.004 cm or more, and
1 cm? in area, was usually employed. The most convenient size of
the electrode is ca. 2 X 0.5 cm?, so that it is easy to insert
the electrode into the electrode vessels. The foil is welded to
a platinum wire which is sealed into a glass mounting tube,
which serves as a physical support and provides electrical

contact by means of a silver wire in the tube.

3.4. Reference Electrodes

The choice of an appropriate redox couple for use in a
reference half-cell is limited. A suitable couple must be
reversible, stable and unreactive in relation to any other
components of the system in which it is used. The mercury-
mercury(I) and the silver-silver(I) couples are very often used
because electron transfer between the two oxidation states in

both these cases is very rapid. Also, the components of these
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two couples are neither strong oxidants nor strong reductants;
hence, they are stable under most ordinary conditions.

An Ag/AgBr electrode was used as the reference electrode
(RE) in the present work, both in aqueous and non-aqueous
(acetonitrile) solutions.

For this electrode, an AgBr film is generated by anodic
oxidation of Ag at an Ag metal electrode from a ~0.1 M KBr
solution, sometimes made up with addition of some HBr. A
somewhat low current density, 0.25 mA cm?, and a long period of
electrolysis, ~40 min, are found most suitable for the
preparation of the AgBr electrode. The colour of the fresh
electrode varies from tan to yellow. The electrode is generally
somewhat less stable than the correspending chlorine/chloride

electrode, but is capable ideally of *0.2 mV reproducibility.

3.5.1. Aqueous

Since the effects of specifically adsorbed Cl°, Br" and I’
ions are found to be detectable at Pt already at very low
concentrations, it is useful to mention that some standard
concentrated reagents, normally used for preparing supporting
electrolyte solutions, can contain significant traces of halide
ions (such as Cl  in concentrated H,SO, and particularly HC10,),
although traces of bromide ion are normally much less. In the

present work, 0.1 M HClo, was used for most of the experiments.
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Perchloric acid was chosen as the supporting electrolyte,
mainly because the Cl0, ion is less specifically adsorbed at Pt
than HSO, in aqueous H,S0, solutions. Also, cold and dilute
acueous solutions of perchloric acid are quite stable thermally
aiid its reactions as an oxidizing agent are slow. However, at
concentrations above 60%, the acid, is unstable and dangerous.

HC1l0, and HBr were the BDH high-purity reagents. NaBr and
KBr, used as electrolytes, were the ACS analytical grade
materials. The NaBr solutions in 0.1 M HClO, electrolyte were
prepared from 0.1 to 5.0 M (0.1, 0.5, 1.0, 1.5, 3.0 and 5.0 M)
Br'. A micrometer pipette was employed to prepare HBr solutions
in HClo, electrolyte at concentrations from 10® to 102 M (107,

107, 10%, 10°%, 10%, 103, 107 Br.
3.5.2. Nonaqueous

CoBr,, (CH;),NBr, (CH;),NBr, (C;H;),NBr, used as electrolytes,
were the ACS analytical grade materials. Anhydrous CF,COOH, used
as a solvent in some experiments, was supplied by aAldrich
Chemical Company.

Acetonitrile (BDH high purity reagent) was used as the
aprotic solvent in certain comparative experiments in the
present work. 1Its properties are very different from those of
water (Table 3). However, the choice of acetonitrile as the
nonaqueous solvent was because of its low chemical reactivity
with Br, and the high positive potentials that can be attained

without its anodic decomposition.
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The anhydrous CoBr, had a green colour. Its saturated

solution in CH,CN was prepared by initially making up hot

saturated solutions, allowing equilibration to room temperature

for 6 hours, during which, the solutions were shaken

periodically. It was interesting to see that the green

anhydrous CoBr, turned sky-blue after it became solvated by

CH,CN. If the CoBr, crystals turns pink, there must be absorbed
moisture.
TABLE 3. Comparison of Properties of CH,CN and Water ([62)
Structural T; (°C) T, (°C) € {(at 25°¢C)
formula
CH,;CN -45.7 81.6 36.2
H,0 0 100 79.0

As the solubility of NaBr in water is higher in cold water

than that of most other bromide salts (Table 4), NaBr was

favoured for the experiments involved in most of the work.

TABLE 4. Solubility of Some Bromide Compounds Employed

| Inorganic in cold H,0 in hot H,0 jl

CoBr, 66.7 g/100ml 68.1 g/100 ml
| RbBr 98.0 g/100 ml 205 /100 ml
L NaBr 116 g/100 ml 121 g/100 ml
KBr 53.5 g/100 ml

102 g/100 ml

The saturated calomel electrode has often been used as the

reference electrode in work involving nonaqueous solvents with
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which Hg,Cl, or Hg does not react. Also, Hg,Cl, must not undergo
any disproportionation. A soluble chloride must be found to
replace the normally used KCl which has a limited range of
solubility in most nonaqueous solvents. The slow diffusion of
some water into the nonagueous solution will occur and introduce
undesirable effects in most cases. However, AgBr formed on an
Ag wire 1is quite suitable for direct use in non-aqueous
solutions containing Br- ion and was the preferred reference

electrode also for this part of the work.
3.6. Gas for Bubbling

Both agueous and nonagqueous bromide ion solutions were
bubbled with high=-purity nitrogen gas that was passed through a
gas purification line of the type used in our laboratory over
the past 30 years (cf. refs. [1] and [26]) to eliminate aerial
oxygen from the solutions. Because of the adsorption
competition between bromine and oxygen at Pt electrodes, a
solution without dissolved oxygen is preferred for the

experiments on the anodic bromine formation reaction.

3.7. _Measurement Techniques
3.7.1. Introduction

The following methods were applied in the experiments:
A. Steady-state Tafel polarization measurements (n vs. log i)-
method for evaluation of the overall kinetics of the Br,
generation process;

B. Non-steady state measurements — for adsorption information;
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a) Cyclic Voltammetry — for evaluation of competitive
adsorption of Br vis & vis oxide film formation;

b} Transient Techniques — recording of potential relaxation-
transients, following interruption of current, for
investigation of role of adsorbed intermediates;

c) Frequency Response — a.c. impedance measurements over a
range of frequencies for evaluation of role of adsorbed
intermediates and participation of tribromide species.

Developments in experimental technique since the end of the
1940's have made it possible to study electrode processes such
as bromine formation more effectively than were the hydrogen and
oxygen evolution reactions in earlier work, prior to that time.
Special techniques are, however, required for the study of fast
processes, because mass transport limitation (i.e. diffusion) to
the electrode can become rate-controlling soon after the
electrode processes start. Such conditions, if significant,
conceal the role of the actual reaction mechanism in determining
the overall rate of the process at the electrode.

Some of these difficulties can be overcome as a result of
Levich's work (from the 1940's) concerning the effect of
diffusion on the kinetics of electrode processes studied with
rotated disc electrodes.

Similarly, important contributions to the study of kinetics
and mechanisms of reaction can be made by means of impedance
measurements using alternating current, a procedure introduced

by Dolin, Ershler and Frumkin (1940) and applied by them to the
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hydrogen evolution reaction at Pt.

7.2 i ltammetr

From linear potential sweep modulation of the electrode
potential, with recording of the response current, detailed
information can be found on anion adsorption effects, and
competitive oxide film formation and reduction processes. Also,
from voltammetry with superimposed alternating voltage [61], the
impedance can be obtained as a function oi potential and is
usually sensitive to pretreatment of the electrode surface and
to contamination by impurities adsorbable on noble metal

electrodes.

7 fel Relation Measurement

From Tafel measurements (5 vs log i plots), the overall
kinetics can be determined and whether they are activation

(recombination or discharge) or diffusion controlled.

7 Potential Relaxation Measurement

Potential-relaxation curves can be recorded on open-circuit
following interruption of the polarizing current of the
electrode reaction, and their analysis enables the potential
dependence of the pseudocapacitance associated with adsorbed
intermediates in the reaction to be evaluated as well as (over
short times) the double-layer capacitance. The time-scale of
transients digitally recorded on a Nicolet oscilloscope was from

us to 10's of s.
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3.7.5. A.C. Impedance Measurements

A.c. impedance measurements also provide complementary
information on the evaluation of the kinetics of electrode
processes and the interfacial capacitance of the electrode, as
employed by Dolin, Ershler and Frumkin (1940) based on earlier
experiments by Proskurmin and Frumkin (1937). These methods
were further developed (from 1947 onwards) by Ershler, Randles,
etc. and later by Sluyters and Sluyters, and by Armstrong, as
well as by Bai and Conway more recently in this laboratory.

3.7.6, Procedures for Pt Electrode Pretreatments

Production of "fresh" electrode surfaces and "pre-oxidized"
Pt surfaces were conducted according to a procedure described by
Conway and Gu ([63]. The "“fresh", i.e. "freshly reduced" Pt
electrodes were prepared in concentrated H,S0,, washed in
distilled and pyrodistilled water and then subjected to
potential cycling in cyclic voltammetry in order to check the
cleanliness of their surface prior to their use in the Br,
formation experiments. Any oxide species on the Pt surface were
reduced bj controlling the c¢ycling potential range between 0.6
and 0.9 V (vs RHE), with the sweep programme being terminated in
a negative-going potential sweep at 0.05 V, RHE.

The "“pre-oxidized" Pt electrodes were prepared by pre-
oxidizing their surfaces in Br-free 0.1 M aqueous HClQ, at 298
K at a potential of 1.6 V, RHE, for one hour with gradual 10 mV

steps initially (see Fig. 7), that is, after previous potential
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cycling in cyclic voltammetry, the potential was anodically
increased by about 10 mV per second from 0.9 V to 1.6V (vs RHE)
and then the electrodes were held at 1.6 V (vs RHE).

4
7 (mv) holding at overpotential 500 mV

B
. ol

t (hour)

Fig. 7. Procedure for pre-oxidation of the Pt electrodes

The pre-oxidized electrode, thus prepared, was then
transferred to the main experimental cell containing Br” ien for
the kinetic experiments of various kinds. Independent
experiments in previous work showed that pre-formed oxide films

on Pt could be thus transferred without loss of the oxide film.

3.8. Instrumentation Required for the Measurements

3.8.1. Cyclic Voltammetry

The apparatus employed for the cyclic voltammetry
experiments was: a potentiostat (HA-301, Hokuto Denko Ltd), a
function generator (PAR Model 175, Universal Programmer) which
provides the required potential or current programming, a
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digital oscilloscope (Nicolet 2090 or 310), a computer (HP 9000
series 200/300 or Zegna) and an HP Plotter (or HP laserjet III

printer).

3.8.2, Tafel Relation Measurements

The apparatus used for recording Tafel plots was: a KEPCO
Programmer, a KEITHLEY 195A Digital Multimeter, an HP computer
9000 (217) and an HP Plotter. Tafel relations and their shapes
(since they were not linear) were determined for the bromine
formation reaction by carrying out polarization studies under
potentiostatic conditions over an appropriate range of
controlled potentials and corresponding currents. Each curve

was based on ca. 50~100 points.

3,8.3. Potential Relaxation Measurements

The apparatus employed for the recording of potential
relaxation transients was: a potentiostat (HA-301, Hokuto Denko
Ltd), a digital oscilloscope (Nicolet 2090 or 310}, a computer
(HP 9000 series 200/300 or Zegna) and an HP plotter (or an HP
laserjet III printer). The potential-time transients were
initiated by interruption of previously passing steady currents

by means of a micro-switch with a triggering arrangement.

3.8.4. A.C. Impedance Measurements

The apparatus used for the a.c. impedance measurements was:
a Solartron Schlumberger 1286 Electrochemical Interface or an
EG & G Princeton Applied Research—Potentiostat/Galvanostat,

Model 273, a Solartron Schlumberger 1250 (or 1255 HF) frequency-
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response analyzer, an HP computer 9000 (216) or a Zegna computer

and an HP 7470A/Color Pro plotter.

i i ion of M rement Reliability and Precision

Neither the significance of the double layer-capacitance
nor the presence of a charging current in non-steady-state
electrochemical experiments can be neglected so, in such
experiments, "double-layer charging" corrections have to be
applied. Also, the experimental results obtained by the above
instrumental procedures have certain margins of error, either
intrinsic or random, that can usually be reasonably estimated.

Due to Br, and Br;, formation, the Br" concentration can
become changed, but only to a small extent, from its initial
value. In addition, the Ag/AgBr reference electrode requires a
constant bromide concentration for provision of an accurate
reference potential. Potentials of the Ag/AgBr reference
electrodes used were checked periodically against the RHE.

The conditions under which the maximum precision in the
experimental results could be achieved were carefully monitored
to avoid erroneous readings. The instrumentation was operated
within its known range of accuracy, at settings for which a
given error or uncertainty in measurements would cause the least
uncertainty in results. Instruments were Xkept in good
calibrated condition to attain optimum precision, with
percentage uncertainty on the order of better than 0.1% of total

respective scales,
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3.10, iR-Drop Correction

It is normally desirable to employ a three-electrode system
which serves to complete the electrochemical measurement system.
The potential of the working electrode is measured with respect
to a reference half-cell, the third electrode of the system.

When the potential of an electrode of interest is measured
against a nonpolarizable reference electrode during the passage
of current, an iR, potential drop will normally be unavoidably
included in the measured potential, proportional to the
polarizing current passing, where R, is the solution resistance
between the working electrode and the tip of the reference
electrode probe. On open-circuit (i = 0) the potential of the
electrode is an equilibrium value, E, (volts ys. reference
electrode) or a stationary one. By applying an external
potential of magnitude E,, with a power supply, a current is
forced through the cell and the potential of the electrode will
shift to a new value E (volts vs. reference electrode). The
relation of E to E,,; is:

Eyn = E + iR, = E, + 7 + iR, (9)
where n is the current-dependent overpotential.

The term iR, is the ohmic potential drop {(colloquially, the
viR-drop") in the solution between the tip of the Luggin
reference probe and the working electrode; however, it should

not be regarded as a form of overpotential, since it is a
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characteristic of the bulk solution and the geometry of the cell
and not of the electrode reaction. Its contribution to a
measured electrode potential can be minimized or compensated for
by proper cell design, instrumentation and/or calculation.

It is important to note that it is not always possible to
eliminate all the iR, drop by means of a three-electrode cell
with Luggin capillary connection to the reference electrode.
Although the tip of the reference electrode is designed for very
close placement to the working electrode surface by means of a
fine capillary tip, the so-called Luggin-Haber capillary, some
small uncompensated solution resistance usually remains.

The exact potential profile in an actual cell depends on
the electrode shapes, geometry, solution conductance, etc. The
solution between the electrodes can be thought of as a
potentiometer. For the reference electrode, placed anywhere but
exactly at the electrode surface, some fraction of the overall
iR, (also called iR,, which is the "uncompensated" solution
resistance) will be included in the measured potential.

The uncompensated potential drop can usually be taken into
account in steady-state measurements, e.g., by measurement of R,
with point-by-point computer correction, at any given i, of the
measured potentials, or by an analogue compensator.

In the present work, iR, drop correction was applied to all
the measurements at appropriate current-densities. iR, can be
determined conveniently from open-circuit potential decay

transients, recorded on an oscilloscope, following interruption
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of current. Upon interruption of a polarizing current, the rate
of decline of potential, -dE/dt, is determined by the
interfacial capacitance, C,, and the previously passing current

(see 4.2.3).

11, D llection and Processin Means of Computer
and Digital Oscilloscopes

The intensive development of digital computers from the
1960's to the present time has provided inexpensive digital
devices of wide variety which have found many applications in
electrochemical instrumentation. These range from the use of
logic circuits for timing and control in hybrid analog—digital
circuitry, to the use of minicomputers for on-line control of
experiments, data acquisition and data analysis or processing.
Such systems were used in the present work, employing IBM PC
clones.

In the case of the potential transient experiments, data
collection and recording over 6 to 7 decades of time was
effected by means of two Nicolet digital oscilloscopes in
tanden, For the a.c. impedance spectroscopy, the Solartron
provides a digital analysis of the real and imaginary components
of the impedance vector. Subsequent fitting of the data to
equivalent-circuit or kinetic models is conducted by means of
computers, e.g. employing so-called "Z-plot" software and some

in-house software developed in our laboratory by Dr. L. Bai.
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Chapter 4. ELECTROCHEMICAL KINETICS AND
THE ROLE OF ADSORBED INTERMEDIATES

4.1. General Aspects

It has been emphasised earlier that the Br;, formation
reaction involves adsorption of at least one intermediate, Br’,
and possibly a second, Bry;. The potential-dependence of coverage
by these species will hence be important in considering the
electrode-kinetics of the overall reaction.

It will therefore be desirable, with regard to discussion
and interpretation of the results to be presented in chapter 5,
to give first the theoretical basis of treatments of electrode
kinstics, potential relaxation and a.c. impedance methods
employed in much of this work in so far as they apply to a
reaction involving adsorbed intermediates. The following
sections outline the general concepts and principal equations
that are involved.

An electrochemical multi-step reaction generally occurs via
the following consecutive steps which constitute its
"mechanism":

1. Mass-transfer (diffusion) from the bulk of the solution to
the layer in contact with the electrode, replacing those
ions/molecules that have just undergone chemical change in

the electrode process;
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Pdsorption of ions or molecules in the region of the
interfacial double-layer;

Dehydration of the ion, coupled with electron transfer and
adsorption of a discharged intermediate, giving rise to:
Adsorption of the primary product(s) of the electrochemical
process on the metal;

Desorption of the primary product;

Departure of the overall product(s) from the surface of the
metal by diffusion or in a further polarized charge-transfer
step (in certain cases), or gas bubble formaticn or
migration to growth centres, in the case of solid phase
formation;

In most cases, removal of the final product occurs by
diffusion into the bulk of the electrode, e.g., Br, going

into the solution as Bry, or dissolved Br,.

The adsorption behaviour of kinetically-involved

intermediate species?, in a multi-step electrode reaction may be

treated in terms of either:

(1)

the "quasi-equilibrium hypothesis" in which all steps prior
to the rate-determining one in the reaction sequence are
regarded as being almost in equilibrium. This condition

arises if the rate constant of the rate-determining step is

2Here the case of intermediates that are formed in an adsorbed state is considered; however,

many complex, multi-step organic electrochemical reactions involve intermediates that pass into
solution, e.g. radical anions or cations, and subsequently undergo further heterogeneous
reactions at the electrode or homogeneous ones in solution. This is not, it is believed, the case
in the reaction of Br, formation treated in this thesis.
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at least ten times smaller than those for the antecedent
steps in both directions; or

(2) the "steady-state method" in which the rate of change of
concentration of intermediates with time is equated to
zero. This second approach is preferred but, for some
mechanisms, e.g., recombination, the expressions are
cumbersome so that numerical computing is required in order
to derive the theoretically predicted behaviour. Limiting
cases for (2) are equivalent to those derivable on the

basis of the assumption in (1).

4,2, Tafel Relations and Coverage by an Intermediate:
Steady-State Relations

4.2.1, Introduction

It is well known that most electrochemical reactions
(except one-electron ionic redox processes) proceed by at least
two consecutive steps, and may involve alternative pathways in
some cases, as in the case of Br, generation in the present work.
The rate-determining step is the step whose rate constant is the
smallest of those in the series of consecutive reactions in
multi-ster process. In alternative pathways, the rate-
determining step arises in the pathway associated with the
largest velocity. Since the electrochemical rate constants of
various steps depend on potential, a rate-determining step at

one potential may not necessarily be kinetically limiting at
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another potential.

As mentioned in chapter 1, among the halide — halocgen
reactions, the electrochemical kinetics and mechanisms of the
bromide/bromine system sometimes behave more 1like the
chloride/chlorine, and other times more like the iodide/iodine
kinetics.

The kinetics of the Br'/Br, reaction formally follow the same
kinetic equations as those for cathodic H, or anodic Cl,
evolution. Thus (cf. 1.1.4.), a discharge step producing a
chemisorbed intermediate (here Br’) is followed by one of two
alternative Br' desorption steps: an electrochemical, and thus
potential dependent one — step IIb, as in chapter 5, or a
chemical catalytic recombinative one — step IIa, as in chapter
5. The latter step, since it involves no electron transfer, is
not directly potential dependent. However, the coverage, §,., of
the intermediate is potential-dependent and, when a Langmuir-

type isotherm applies, #; is given by

0, .
__B Kcexpﬂf (10)
l - eBl" RT

or for a Frumkin-type one

I nF
— 0,.)= KCexp— 11
1< g, “PE%r) PRT (an

based on ref. [27] and ref. [64]. The overall recombination
rate or equivalent current-density, i, is then potential

dependent up to a limiting rate corresponding to 0, - 1, i.e.,
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full occupation of available surface sites by the intermediate
Br'.

In both equations (10) and (11), the isotherms arise from
the assumption of quasi-equilibrium in the discharge step I
producing adsorbed Br’; in this way, the above relations are
Nerstian equations (in exponential form) for the coverage
fraction 0, as a function of potential for the condition that
adsorption of Br' and its desorption in step I (see chapter 5}
are virtually at equilibrium, a following step being rate-
controlling.

Then the overall rate equations for the Br, formation
reactions are easily written for the cases of step I, IIa or IIb
being rate-controlling. In the latter two cases, the faster of
the two alternative desorption steps will dominate the overall
kinetics when the rate constants for either IIa or IIb are
smaller than that of step I.

Then for step IIb being rate-controlling

im = 2FkuCyoycexp (BF/RT) (12)
where Cp- is the bulk concentration of Br" in solution and k,;, is
an electrochemical rate constant for 5 = 0 and containing any
double~layer potential terms for the potential profile at the
electrode interface and for the local concentration of Br" at the
inner Helmholtz plane (Grahame [36], 1947).

Substitution of 6, (Langmuir condition) here, from eqn.

(10), gives the overall kinetic equation
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K C, -exp(nF/R
i, = 2Fk,C, -—Cu XPMIRD _BnF
1 + K,Cp - exp(n F/RT) RT

(13)

where K, is the quasi-equilibrium constant for step I at 5 = 0.

Two well-known cases arise from this egquation for
conditions:
(a) where 5 is relatively small (K,C.expyF/RT < 1), so that

d ln i,/dy = (1 + B)F/RT (14)

or
(b) when % is large (X,Cy-expyF/RT » 1), so that

d 1n i,/dy = BF/RT (15)
These are the inverse Naperian Tafel slopes for these
conditions, with step IIb rate-determining and much faster than
step Ila.

For step IIa being rate-determining,

i, = 2FKy,0%, (16)
Then substituting again for 6, in terms of its potential
dependence (egn. 10), the inverse Tafel slope derivatives are
@ 1n i,/dy = 2F/RT (17)
for small 3 (#; « 1} and

d 1n i,/dy - 0 (dp/d ln i, - ) (18)
for large 3 with 6, - 1.

Corresponding forms of these relations are easily
obtainable if a Frumkin-type isotherm (egn. 11) represents the
electrochemical adsorption of Br at coverages where significant

lateral interactions arise, usually for 60, > ca. 20 %. Note
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that in a square, "(100)" type lattice, adsorbate species are
already diagonal nearest neighbours at § = 0.5.

In the case of step I being rate-determining, it is usually
justifiable to assume that 6, < 1, i.e., 1 - 8, ~'1 so that
d 1n i,/dn is simply BF/RT, the same value as for step IIb at
high 6, assuming the barrier-symmetry factors for steps I and
IIb are approximately the same, which may not always be the
case.

Finally, it can be noted that the limiting cases deducible
by means of the "quasi-equilibrium hypothesis" may be obtained
more generally by means of the steady-state method, with
introduction of appropriate limiting conditions.

It is seen that for multi-step reactions inveolving an
adsorbed intermediate, the overall kinetic behaviour of the
process is importantly determined by the potential~dependence of
the coverage § by the intermediate, expressed by some adsorption
isotherm such as egn. (10) or (11). In general, when @ is
dependent on some function of potential, a Tafel slope for the
process will have a lower value than:

a) that for initial discharge control, or
b) that for full coverage where § is no longer dependent on
potential.

For a reaction scheme involving n charge-transfer events
(at quasi-equilibrium) prior to the rate-determining step (for
most electrode reactions n ¥ 3), the limiting values of the

Tafel slopes work out to be

66



b' = RT/(n + B)F (i.e., a = n + )
or
b' = RT/nF (i.e. a = n)

depending on whether or not charge-transfer is involved in the
final rate-controlling step. "Chemically-controlled" rate-
determining steps have Tafel slopes determined by even fractions
of RT/F, while those that involve a charge-transfer process in
the rate-controlling step have slopes that are odd fractions of
RT/F, depending on the values of n and fB.

The experimental evaluation of the potential dependence of
coverage @ by the electroactive intermediates in the reaction is
important for relation to reaction mechanisms and determines the
Tafel slope b of the process representing the dependence of 1ln
i on the overpotential 5. For desorption of an electroactive
adsorbed intermediate at potential-dependent coverage §, é.g. by
the electrochemical pathway, IIb, the reciprocal of the Tafel
slope can be expressed by:

1/b' =d 1n i/dy = d 1n 6/dy + BF/RT (19)

The first term on the right side of the equation can be
recognized as an "adsorption factor"™ and the second term as the
“"charge~transfer factor". When d 1ln 8/dng is significant, for an
appreciable and potential-dependent 8, b' is « RT/BF. This
situation corresponds to "good electrocatalysis", i.e., when the
process exhibits a relatively large rate of increase of 1ln i
with 7.

The determination of b', through b'! in the equation above
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in terms of chemisorption effects has been treated by Conway et
al [65—67], who have stressed that the term d 1ln 0/dy is as
important as i, in characterizing good electrocatalysis
especially at relatively high current-densities in practical
electrolytic processes.

It is important for aspects of the present experimental
work to note that the derivative of # with respect to 3 gives an

expression for this potential-dependence

d 1n 6/dy = (1/60) (d6/dn) (20)
which is, in fact, proportional to the adsorption
pseudocapacitance, C, (eqn. 21), which 1is a quantity

experimentally accessible from potential-relaxation or a.c.
impedance measurements as described in sections 3.7.4 and 3.7.5.

As noted elsewhere (4.2.3)

C, = q,df/dy (21)

where ¢, is the charge regquired for deposition or desorption of
a monolayer of the adsorbed intermediate.

Returning to the Tafel slope for an electrochemically-
controlled desorption step such as IIb, it follows that

d 1n i/dn, the reciprocal of the Tafel slope, is given by eqn.

19, and since
1
dn 9/dy m=— =—-C 22
fdn 8 dn o/ (22)

then
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=dlnidy = %CJql + BFIRT 23)

o | =

which shows how the adsorption pseudocapacitance can be seen to

be involved in determining the Tafel slope.
4,22, Applications to the Br, Formation Reaction

The case of the Br, formation reaction provides an example
of an overall electrode reaction that involves at least two
steps with two or more parallel pathways involving, as noted on
p.62, an adsorbed intermediate (see reaction schemes as in
chapter 5), as for the H, and Cl, evolution processes.

The chemisorption of bromide ions and the kinetics of their
anodic discharge to form bromine molecules depend both on the
strength of adsorption and coverage by the bromide ion itself,
and of the discharged Br’' intermediate. In the present work, an
important aspect has been the study of how the adsorbed bromide
anion affects the state of thin oxide film formation at the Pt
anode surface which, in turn, influences its electrocatalytic
properties for discharge/adsorption of Br' and for Bi, formation.

In addition, the coverage by the Br' intermediate has been
gquantitatively evaluated in the present work as a function of g
(see section 5.1) in relation to the kinetics of the overall

reaction and the pseudocapacitance C, (egn. 21).

4.2.3, Potential Dependence of Current and Coverage by an Intermediate
Non-Steady-State Relations: Potential Relaxation Transients

Here we consider the case of overpotential relaxation in
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time, t, following interruption of a prior steady-state density
of current, i. As is shown below, analysis of the resulting
transient 7(t) leads to information on the capacitance of the
electrode interphase, as determined in the present work.

In order to derive the time-dependence 72(t) (i.e. the
potential-relaxation transient) of (over)potential, n, following
interruption of a previous polarization current-density, i, the
equation for self-discharge of the interfacial capacitance and
the potential dependence of i (Tafel relation) are combined.

On interruption of a polarizing current, the rate of
decline of overpotential, -dp/dt, is determined (egn. 24) (at
that moment) by the interfacial capacitance C and the current
immediately previously passing, determined by the kinetics of
the reaction:

i = =C(dy/dt):= (24)

The current at any 7(t) during the transient is then
assumed to be equal to the value of the steady-state current, i,
which would have been passing at the same 7 as determined by the
Tafel relation for the electrode process. If the prior steady-
state current is i, and obeys the Tafel equation, and C is
assumed to be independent of potential, the potential relaxation
relation (egn. 24) becomes

i, = ijexp(BFy/RT) = -Cdn/dt (25)
The above equation may be integrated, giving
n(t) = (RT/BF)[1n(BFi/CRT) - 1ln (t + 7)] (26)

where T is an integration constant:
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7 = RTC/BFi,'exp (SFn,/RT) (27)
where 8 is the charge-transfer symmetry coefficient and i; the
exchange current-density. 17, is the initial overpotential at
time t = 0, when i = i,.

Thus, from eqn. (26), the potential relaxation n{t) is
logarithmic in modified time (t + 7) provided C is independent
of potential. However, in many cases it is not. It is seen
that the slope — dp/d log(t + 7) is the same as the Tafel slope.

A corresponding relation involving an/dt follows directly
by taking logarithms of eqn. (25), viz.

in i',/C + ByF/RT = ln[-dy/dt] (28)
or

7 = =(RT/BF)1n[iy/C] + (RT/BF)1ln[-dn/dt) (29)
which is seen has the same slope as the Tafel equation for the
kinetic process involved.

From the above it is seen that plots of both % ¥s log (t+r)
and 5 ¥s log (-dy/dt) are useful for characterizing the
electrode process and obtaining the interfacial capacitance
behaviour through C.

For the condition that a singlq_relaxation time is observed
in a corresponding impedance measurement, the new potential
relaxation treatment has been demonstrated in other work from
this laboratory [68] to provide a quantitative evaluation of the
electrode's interfacial double~layer capacitance by
determination of the initial rate of decay of potential,

(dn/dt).,, determined immediately following the opening of the
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circuit (egn. 24).

Because # is a function of overpotential, 6 = f(3), a
different kind of capacity quantity can be defined, as in eqn.
(30)—see below. This adsorption pseudocapacity cannot exist at
an ideal ©polarized electrode which exhibits only an
electrostatic double-layer capacity. The prefix "pseudo" is
used because C, refers to a leaky capacitor at which some
chemisorbed species is faradaically discharged; in the case of
UPD processes, no continuous faradaic reaction takes place. The
pseudocapacity is proportional to the rate of change of coverage
with potential, as in egn. (21).

Under Langmuir conditions for 6, C, follows from the

electrochemical Langmuir adsorption isotherm (egn. 10) as

_ @FIRDIK,C,,-exp(Fn/RD)]
1+ KICB,,.e,xp(F'rlIRT)]2

Cs

(30)

where K = K, and C = Cy..
C, can also be expressed as a function of coverage by
C, = (q,F/RT) [6(1 = )] (31)
using eqn. (10); from egn. (31) it is seen that C, is a maximum

wnen @ = 0.5.
In the case where a Frumkin type isotherm applies, 6 cannot
be written as an explicit function of overpotential 7, but C,
can, however, be expressed as a function of # as
C, = (q,F/RT) [0(1-6)1/(2 + af) (32)

From the relation ¢, = q,d8/dn, g, §df = §C,(n)dn; therefore,
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bpe = (1/q,) §Cydn + 6 (33)
where §, is an initial coverage at 5 = 0, i.e., the surface
coverage at equilibrium.

The C, ¥vs 7 (or E) relation can be experimentally obtained
using the potential-relaxation method; therefore the integration
of the C, vs 7 (or E) relation can be made numerically, and .
can be evaluated as a f(3) (relative to @y ,.or = 6p).

From the overall 5(t) transient, C, can be derived from the
behaviour at longer times (> ca. 10 ms). This is because the
double-layer discharge normally has a much shorter relaxation
time {(pus to 100's us) than the pseudocapacitance (10's ms to s).
This corresponds to the usually observable distinction in
frequency—-domain response (see section 4.4) of these two types

of interfacial capacitance.

4,3. Cyclic Voltammetry Studies of Electrode Processes

In the cyclic voltammetry technique, the rate of an

electrode process is modulated in a repetitive way by linear
variation of the potential, E, in time, in both the anodic and
cathodic directions and the corresponding currents are recorded
as a function of the varying potential. A kind of
"electrochemical spectroscopy" of the processes that can occur
over the scanned potential range results. Two Xkinds of
information result from application of this procedure at an
electrode interface: a) information on electrochemically
formed, adsorbed species in the underpotential deposition region
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and b) kinetic information on the electrode processes involved.

Kinetic information can be derived as follows:

a) by analyzing the forms of the resulting i wvs E profiles;

b) by relating potentials of current peaks to log [sweep-rate],
which leads, in certain cases, to a Tafel-like linear plot
for an irreversible process, thus characterizing its
kinetics; and

c) by means of computer-based numerical simulations.

When an adsorbed species is generated electrochemically on
a surface such as Pt in the absence of a continuous faradaic
process (as in the cases of UPD of H or O species at Pt), cyclic
voltammetry provides a sensitive way of deriving the coverages
by the electrosorbed species and their adsorption in various
sub-monolayer states, as a function of electrode potential.
Thence the electrochemical adsorption isotherm for such species
can be evaluated.

It should be noted, however, that the coverages by
electrosorbed species (such as Br' in the present work) arising
in most continuous faradaic reaction proceeding at finite
overpotentials and corresponding appreciable net current-
densities, cannot be evaluated by means of cyclic voltammetry.
The reason for this is that the non-steady current contribution
arising from changes of coverage by the electroactive adsorbed
intermediate(s) with changing 7, e.g. Br in the Br, formation
reaction, are much smaller (10° ~ 10 times) than the overall

faradaic currents arising from the reaction itself. For this
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reason, only other types of experimental procedures are
applicable, viz. non-steady-state methods, e.g., pulse, current-
interruption and impedance spectroscopy are required, as
mentioned earlier in 3.7.

However, cyclic voltammetry as applied in the present work,
provides useful information on: a) the competition between Br-
chemisorption and electrosorption of OH/O species in Pt surface
oxidation and, related to that, b) the conditions for onset of

continuous faradaic Br, formation.

4.4. Frequency Response of the Reaction:
A.C. Impedance Spectrosco

4.4.1 neral

Two principal types of results that arise from application
of a.c. techniques to the study of electrode processes are:

1. description of the electrical behaviour of the system in
terms of impedance parameters, which can be interpreted in
terms of physico-chemical phenomena and kinetics (rate
constants) of the reactions; and

2. provision of an electrical description of the system which
enables comparison to be made between the behaviour of a
model "equivalent circuit" with that observed
experimentally, e.g., with respect to frequency-response of
the impedance components of the system and of the overall

network. The required simulations of the frequency response
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can be carried out relatively easily by means of PC's.

Regarding the methodology of a.c. studies on electrode
interfaces and electrode processes, the key early contributions
were made by Frumkin, Dolin and Ershler [95] and by Randles [20]
in proposing his "equivalent circuit", which combines the
elements of charge-transfer, diffusion, double-layer capacitance
and electrolyte conductivity (solution resistance)}. The work ~f
Randles is to be considered as the seminal contribution in the
treatment of frequency—response of electrode processes. An
important and complementary approach is that of Timmer,
Sluyters-Rehbach and Sluyters [69] who showed how the impedance
of an electrode process could be treated in terms of real (2°')
and imaginary (2Z") components, with one being plotted against
the other in a "complex-plane" or Argand diagram, for various
frequencies. This approach often enables the solution
resistance, the (potential-dependent) Faradaic resistance and
the double-layer capacitance to be identified from a single plot
of Z" vs Z', or a series of plots for different potentials.
Also, in appropriate cases, the impedance contribution from the
adsorption pseudocapacitance can be separately identified, and

its frequency response characterized.
4.4.2. Equivalent-Circuit Representation of Electrode Processes

The response of adsorbed electroactive species in a.c.
impedance measurements is taken into account by inclusion in the

equivalent circuit representing the electrcde reaction [67], of

an "adsorption capacitance" component in parallel with an
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adsorption resistance (when or if diffusion is involved, a
Warburg impedance W is in place of R, in Fig. 9) and in series
with a faradaic charge-transfer resistance together with the
double-layer capacitance. The resulting equivalent circuit
(Fig. 9) then differs from the simple one (Fig. 8) representing
a faradaic charge-transfer process, characterized by a reaction
resistance R,, not involving potential-dependence of coverage

(i.e. C)) by an intermediate.

Sl

Fig. 8. Simple equivalent circuit

Cp

rig. 9. Armstrong's equivalent circuit i_.nvolving a
pseudocapacitance, written as C,
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A solution resistance R, also usually arises in series with
the faradaic impedance and depends on cell geometry and on the
nature and conductance of the electrolytes present; it may be
sufficiently small that it can be neglected (< 1 @), but its

value depends on electrolyte concentration and temperature.

4.4.3. Influence of Frequency

In order to provide a basis for interpretation of the
impedance results for the Br, formation reaction to be described
in chapter 5, we outline here the main principles of impedance
analysis that are used in the treatment of the results.

Determination of the frequency response of an electrode
reaction over a wide range of frequencies is the principal
objective of a.c. impedalnce measurements. The frequency
response can be represented in three complementary ways: a) in
complex-plane plots of the imaginary (2") ys the real (2')
component of the impedance vector, %, for a series of angular
frequencies, w; b) as phase-angle, ¢ (tan ¢ = -Z"/2'), plots as
a function of w or log w and c) as Bode plots of Z=[(2Z")X+(2')?]"
vs log w.

The frequency response is interpreted in terms of either
(or both) the behaviour of equivalent circuits written to
represent the functioning of the electrode process or kinetic
modelling in terms of rate equations [70,71].

In the simplest case (Fig. 8), the interfacial process is
described by only a faradaic resistance (R|) and a double-~layer

capacitance. The complex-plane plot (2" vs 2') is then a single
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semicircle over the instrumentally accessible frequency range,
0.01 to 65,000 Hz, depending on the values of the circuit
elenments.

In the case of Armstrong's equivalent circuit (Fig. 9), a
two semicircle complex-plane plot will arise again over the
accessible frequency range 0.01 to 65,000 Hz, and again

depending on the values of the circuit element components.
4.4.4. Low- and High-Frequency Limit Behaviour

It is always useful to examine the frequency-response
behaviour of equivalent circuits for 1limiting frequency
conditions, w - 0 or w - ®, as applied in chapter 5. The
limiting behaviour of egquivalent circuits at w = 0 or w - = is
determined principally by the behaviour of capacitive elements,
usually C,. The impedance of C, is simply Z = 1/jwCy which
approaches = for o - 0, or zero for o — =. Hence, for the
simple equivalent circuit in Fig. 8, 2 =+ R + R, for @ = 0
(purely ohmic) while for w = «, R, is "shorted-out" by 2. - 0, so
%z -+ R,. Hence, in the complex-plane plot, intercepts of 2' =R,
and 2' = R, + R, appear on the 2' axis at « and 0 o, respectively.
The characteristic frequency of the top point of the semicircle
is w = 1/CyR,.

In the case of the equivalent circuit of Fig. 9, for w - =
Z' is simply the sum R, + R, + R;. Two semicircles arise,
determined by the values of the two C's, and the two other

intercepts that arise on the 2' axis correspond to 2' =R, (w =
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w} and Z' = R, + R, at an intermediate value of w.

These principles apply to the experimental frequency
response curves obtained in the present work, as shown in
chapter 5.

In the <case of a diffusion-controlled  process,
characterized by the presence of a so-called Warburg "CR"
element W in the equivalent circuit (e.g. cf. Fig. 3, p.31), the
complex-plane plot becomes a straight line of slope 45° at low
frequencies, following a single semicircle, or part thereof, for
the simple equivalent circuit case (with W), as was illustrated
by Cooper and Parsons' results in Fig. 4. Thus, as frequency
rises, the charge-transfer resistance R, together with R, and the
Cy become the more important elements determining the impedance.

In general, if diffusion is a significant rate-limiting
process in the kinetics of the overall reaction at the
electrode, in the lower-frequency region, the Warburg impedance
will become important (Fig. 3—p.31 and Fig. 4-—p.32) and
determine the frequency response.

At relatively high frequencies, the Warburg and the double-
layer impedances become unimportant in determining Z in relation

to R, or R, + R,, as described above.

4.4.5. Application to Real Systems as for the Br, Formation Reaction

Actual plots of impedance behaviour (see chapter 5) are the
combinations of the features of the limiting cases for both
lower and higher frequency regions. The frequency response of
the electrochemical interface, and the reaction going on across
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it, is conveniently represented in terms of the three types of

plots mentioned in 4.4.2:

a) the complex-plane plot of Z" vs Z' over a range of
frequencies, with intercepts at w - 0 and w - ®;

b} the Bode plot of |Z]| vs log w and

c) the phase angle plot vs log w.

The determining parameters are the values of the charge-
transfer resistance R, and its relation to any Warburg impedance
when/if diffusion is significant, the double-layer capacitance
and any adsorption pseudocapacitance. If the electrochemical
reaction is kinetically rather sluggish, it will exhibit a large
R,, and then will usually display only a very limited-frequency
region, or none, over which mass-transfer is the significant
factor characterized by a Warburg impedance element. Note that
R,, ‘the faradaic resistance, is exponentially potential-
dependent, with negative argument, corresponding to an inverse
Tafel relation (small 3, large R|) so that the diameters of Z" vs

7' semicircles diminish with increasing 7.
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1 lic Voltammetry for Char rizing th neral F T
f the Bromine Reactign Function_of Potential

1.1, Intr 10N mpetitive A ion Between Halide Ton
xide Film Specie Pt th f Oxidized P f;

According to Conway [44] and Devanathan [72], the strength
of chemisorption of an halide X to a metal is inversely related
to the bond strength of H to the halogen, i.e. to the halogen's
electronegativity.

The chemisorption of halide ions from agueous solutions has
been extensively studied at Hg where anion adsorption can be
quantitatively examined as a function of potential (or surface
charge, qy) and concentration without the complications of
competition with surface oxidation processes that arise at noble
metals. Also the Hg surface presents an ideal liguid one but
probably with short-range (111)-type hexagonal arrangements of
surface atoms. Thus the Hg surface is in many ways an ideal
wreference" one and has been so regarded in many works in the
literature.

One of the important ways in which halide ion adsorption is
manifested at Hg is through the shift, AE(pzc), of the potential

of zero charge (qy = 0) by such ions at a given concentration,
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e.g. 0.1 M. The work at Hg has given some general basis for
understanding the factors determining anion adsorption at other
metals, e.g. Pt, as in the present work.

Generally, the strength of chemisorption is determined by:
a) the donicity of the lone electron pairs on the anion and its
polarizability; b) the Gibbs energy of hydration of the anion
and its dependence on charge-density of the anion; c) the
deformability of the anion's hydration shell and the associated
increase of its Gibbs energy and d) the electron affinity
(equivalent to the negative of the work function) of the
electrode metal and some complex image interactions.

It is of interest to show empirically (Fig. 10) the
relationship between AE(pzc) values for Cl°, Br’ and I (at Hg)
[(96,97] and the respective individual ionic hydration energies
(98] and also, for the common axis of abscissae, the plot
against the nucleophilicity component in Edwards' scale of
donicities [98,99]. While the pzc data are for Hg and the anion
surface-excess data are also available for that metal, the
trends and their nucleophilicities of adsorbability of halide
ions with hydration energies are similar and the order of
adsorbabilities is similar at Pt (cf. refs.{31,100]).

The adsorptivity being related to the hydration of X (Table
5), will be weaker, energywise, for the smaller ions of the more
electronegative halogens. Solvation is thus an important factor
in anion adsorption in addition to chemisorptive charge~transfer

but the relation between adsorption of anions and their
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hydration is a complex one [73]: it probably depends not only on
the overall first coordination-shell energy but on the energy
required for deformation of the hydration shell in order to
allow a lone-pair orbital to be accessible for interaction with
the metal surface, giving rise to the chemisorption.

In a general sense, hydrated anion chemisorption is
analogous to ligand exchange; a coordinated hydration H,0
molecule at the anion becomes replaced by coordination to a
surface metal atom involving electron-pair overlap with surface
orbitals. The larger halide ions therefore tend to be more
strongly adsorbed at Pt due to:

a) their greater donicity [72] and polarizability, coupled with
b) their weaker hydration.

Both these effects depend on ionic radii which increase
appreciably from F° to I while the hydration energies decrease

(Table 5).

TABLE 5. Crystallographic Halide Ion Radii (nm)
and Hydration Energies AH, (kJ mol)

F 0.136 nm ~435 kJ mol! II
oL 0.181 nm -364 kJ mol”
Br~ 0.195 nm -330 kJ mol?
I _ 0.210 nm -284 kJ mol” - I

AHy lvalues based on enthalpy of hydration of H' of -1095%25 kJ
mol’

The adsorption of halide ions at noble metal ancdes has to

be understood in terms of the spontaneous tendency of the metal
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surface to become covered with an oxide film, initially a sub-
monolayer, over a range of potentials common with that for the
anion adsorption. Thus, the state of the anode surface as an
interface for the Br, formation reaction is of primary importance
in electroanalysis of the reaction, both in the step of Br  (or
Br,) discharge and in the final step of Br, generation.

Not only do the competitively adsorbed OH and O species
occupy sites on the Pt surface that would otherwise be available
for Br- adsorption but they also will change the electronic work
function of the Pt, diminishing it. This will have the effect
of decreasing the electron affinity of the surface for the lone-
pair orbitals of Br- thus tending to lower its chemisorption
enerqgy.

Much previous work in the formation and reduction of the
oxide films on Pt has appeared in earlier literature, e.g. refs.
[61,73—76]. In much of that work, attention has centered on the
difference between the initially formed, quasi-2-dimensional
film of OH and/or O species at Pt and the subsequently formed
thicker, quasi-bulk films that can be generated at high positive
potentials after long times of polarization [77]. Kozlowska and
Conway et al. [78] demonstrated important differences between
the properties of the reversibly formed sub-monolayer of OH and
more extended states of the film that are irreversibly formed
and reduced. In terms of a surface-chemical model, they
proposed 2-d structures, identified as "Pt,0H", "Pt,OH", "PLOH"

but not to be regarded as stoichiometric compounds. To attain
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the OH monolayer stage, a total charge g, = 220 uC cm? is
consunmed. Following these initial, 2-d stages of oxidation,
viz.

4Pt + H,0 - Pt,/OH + H* + e, etc, (34)
over a broad region beyond 1.1 V E,, "PtO" species arise after
further oxidation by processes such as:

Pt/OH -» Pt/0 + H* + e (35)
and

Pt/O - O/Pt (place exchange) {(36)

The properties of three distinct states in the formation of
surface oxide below ~0.8 V vs SCE have been distinguished and
explained (61,78), designated as the PtO,, region in the
summarizing Fig. 11. In this region, the surface reactions are
fairly reversible, in contrast to those above +0.8 V ¥s SCE,
designated as the "PtO," region (Fig. 11).

More recently, it has been shown by Birss et al. [79,80]
that the initial compact layer can be formed and removed
independently of the presence of an overlying, thicker hydrous
oxide which is formed and reduced only in an highly irreversible
manner.

Under strongly oxidizing conditions, at potentials > ca.
2.0 V RHE and over long periods of anodization, thicker films of
the type characterized by Shibata [81] are formed. Two states
of such films have been characterized: an "“a"-oxide, PtO, which
is reducible over a broad potential range and is formed only up

to a limited amount [82]; and a "f"-oxide, Pt0,, which is reduced

87



over a narrower potential range, but extending into the H
desorption region. The conductivity of these two types of

oxides has been measured by Shibata [81], the 8-film beinyg less

conducting than the a.

80 I I | I I I
9
R 60-— Pt * .
E
= [ po ]
o 40} P -
:‘g R Ptoads
3 PtO )
E 20 = —
b I PtOH
-
0}— o -0 Ptoz - —
i | [ I | I
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8

Anodization potential (V vs SCE)

Fig. 11. Distribution of Pt, and supposed PtOH, PtO and
PtO, species on a platinum electrode surface after
anodization in 1 M HClo, (based on the work of
Breiter [61]; note that the. assignment for free
"Pt" sites up to 2.1 V must be in error.)

Only in the case of the anodically "preoxidized" surfaces
of Pt, also investigated in the present work (see 3.7.6 and
later in this chapter), are the above types of thick films
involved. In these cases the films grow logarithmically in time
[83] according to the relation:

Q = A log (t + tg) (37)

where t » t; for the main region of logarithmic growth and t, is

88



an integration constant of the differential kinetic equation for

growth and A depends on anodization potential.

5.1.2, Bromine Formation in Aqueous Solutions in Relation to
Competitive Adsorption of Br Ion vis 3 vis Oxide Film Formation

Electrochemical methods based on cyclic voltammetry are
specially suitable for the study of electroactive monolayers
because of their sensitivity, and also for characterizing the
general features of a process in terms of its current ys
potential behaviour, with changing potential.

We first show results which provide information on extents
of chemisorption of Br ion in relation to the state of the Pt
ancde surface at which Br- discharge and recombination to form Br,
occur, in particular, the development of co-deposited Pt surface
oxide to extents dependent on Br° concentration and electrode
potential. Such results are most conveniently obtained by means
of cyclic voltammetry which, as will be seen below, enables both
the onset of Br, formation to be identified and the mutual
effects of Br adsorption and surface oxide film formation to be
evaluated. Thus, in the case of the bromine reaction, Br
discharge and Br, formation arise competitively with Pt surface
oxidation processes (5.1.3).

In aqueous solutions at Pt, increasing concentrations of
bromide ion lead to a series of characteristic cyclic
voltammograms  (CV's). Figs. 12—18 show a succession of such

voltammograms obtained at the platinum electrode for a series of
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increasing Br- concentrations in a supporting electrolyte of aq.
0.1 M HC10,. These diagrams should be compared serially in the
order which they are shown in the following pages, with the
final comparison being shown in Fig. 18, where the series of
curves are superimposed. The individual curves (Figs. 12—18)
are shown here to provide a detailed record of the response
currents over the surface oxide formation and reduction
potential regions that are observed in the multi-curve, overlap
diagram, Fig. 18, which unavoidably obscures some of the details
of individual curves, e.g. at potentials above 1.05 V.

The curve of Fig. 12 is for Pt in 0.1 M HC1l0Q, in the absence
of Br- ion. Already with 10°® M Br present (Fig. 13), it is seen
that the CV has become quite different from Fig. 12 but surface
oxide formation and reduction regions are still distinguishable
over the respective potential ranges 1.1—1.4 V and 1.0—0.5 V, vs
Ag/AgBr, and some component of anodic current for Br, formation
is already discernable. This is more easily seen in Fig. 14 and
following diagrams where eventually it becomes the principal
anodic current component and virtually no surface oxide film
formation or reduction currents arise (Figs. 16, 17).

Figs. 14 and 15, with the inflections in the curves at ca.
1.25 V, are interesting intermediate situations where the anodic
Br, formation currents are clearly becoming added to, or
modifying, the oxide formation currents (1.1 to 1.35 V) over the
same potential range before the latter are eventually diminished

towards zero at higher Br" concentrations (Figs. 16, 17). 1In
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dilute solutions, Br, formation is less favoured because its
exchange current is diminished in some power of Br ion
concentration determined by the transfer coefficient of the
reaction. In addition, at sufficiently high current-densities,
the reaction will become diffusion-controlled; then 0, evolution
from discharge of water will accompany the reaction.

surface oxidation current ©profiles in the cyclic
voltammetry i vs E curves for Pt are progressively diminished
Wwith successive additions of Br- ions from 10° to 10? M, while at
the higher anodic potentials, currents for Br, formation arise.
The oxide coverage which can be developed is determined by
competitive co-adsorption of Br- at Pt, initially on the oxide-
free anode metal surface, at potentials lower than that required
for onset of oxide film formation. It is seen that blocking of
oxide-film formation by Br  arises over a broader potential range
than that with €l°, and without the selectivity exhibited by CI
when the latter ion initially blocks the Pt/OH region up to 1.05
V in preference to the Pt/O region (cf. Fig. 19).

From previous work by Conway and Novak (1980) on the
competitive blocking of surface formation at Pt by CL ion [26],
it was shown that the adsorbed "Cl" species retains much (ca.
50%) of its charge [26]), giving a competitive isotherm linearly
extended on a log[Cl'] scale (Fig. 20) due to strong lateral
interaction effects, whereas it is found here that adsorbed "Br*
behaves more like a neutral atom; I° is similar [26]. The
previously obtained data for C1° and I° [26] are shown for
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convenience here, in Figs. 19 and 20, rather than in the
wgverview" section in chapter 1. The data for Cl adsorption are
based on the series of voltammograms in Fig. 19 from ref. [26].

Blocking of the initial stages of Pt surface oxidation also
increases the irreversibility of oxide formation on the Pt
electrode because of the adsorption of halide ion, X.

In Figs. 14—17 is also seen, in each cathodic curve around
1.1 V, a peak for reduction of Br, formed in the previous anodic
half-cycle. This also serves to identify the onset (already
seen in Fig. 13) of anodic Br, formation. That the cathodic peak
around 1.1 V is due to Br, reduction is confirmed by its
substantial attenuation by electrode rotation which spins away
anodically generated Br, before it has a chance to be reduced at

the electrode surface.

5.1.3. Isotherms for Competitive Adsorption of Br Ion and Electrosorbed
OH and O Species at Pt

The cyclic voltammograms in Figs. 12—18 demonstrate the
progressive competition between Br® ion adsorption and the
desorption of OH/O species generated in the initial stages of
surface oxidation of the Pt electrode, as Br  concentration is
increased.

The surface oxide formation processes were represented

formally by the egns. 34—36; for convenience of the reader, they

are repeated here:

4Pt + H,0 - Pt,/OH + H* + e, etc. (38)
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Pt/OH - Pt/O + H* + e (39)

Pt/0 - 0/Pt (place exchange) (40)
and, at sufficiently high potentials,

2Pt/0 - 2Pt + O, (41)

In earlier work [26], the effects of C1l" and I" on Pt surface
oxidation were studied from very low concentrations upwards.
The results [26] for C1l ion are strikingly different from those
for I, as shown in Figs. 20a, b where the isotherms for
competitive oxide blocking at Pt by Cl1° and I' are plotted
comparatively; because of the linear logarithmic behaviour in
Fig. 20a it was clear that Cl° ion blocking follows a Frumkin-

type isotherm (cf. eqn. 11)

_1%6 - KCexp(nF/RT)exp(-g6) (42)

requiring a substantial value of the repulsive interaction tern,
gf, giving rise to a linear logarithmic isotherm. The isotherm
for Cl1° showed that the log form for Cl° is not due to
heterogeneity (Temkin isotherm) but rather to strong repulsive
effects in the ad-layer (Frumkin effect). Such behaviour arises
because, for halide ions, adsorption occurs with partial charge
transfer:
X + Pt =+ PtX, 7 + ye (43)

where ¢ for Cl1' is ca. 0.5 while for I it is close to 1 [26].
The y value for adsorbed Br' intermediate is larger than 0.5 but

was estimated as 2 0.9 in the present work (see below).
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Fig. 2la shows the adsorption behaviour of Br’ derived from
CV's recorded in the present work, plotted as a competitive
isotherm of % oxide blocked by Br  ion and the log of Br® ion
concentration over four decades of concentration. Note the very
different shape of this isotherm compared with that for Cl” at Pt
(Fig. 20a) derived in a previous paper [26]; such a comparison
suggests that the adsorption takes place with a substantially
larger degree of charge-transfer (cf. egn. 43) compared with CI’
at Pt.

These results suggest that the state of adsorbed Br' is much
more atomic than ionic, i.e., the electrosorption valency is
estimated, from the present results, to be near 0.9, while, for
Ccl, it is ca. 0.5, with the ion retaining, after adsorption, a
substantial fraction of its charge. This is consistent with the
known properties of Br  and I (especially I') in charge-transfer
complexation. A similar conclusion for adsorption of I' at Pt
was reached by Lane and Hubbard ([84] from charge-potential
measurements.

The above conclusion for Br~ adsorption is important for
considering the kinetics of, and electrocatalysis in, Br,
generation and the comparison of such behaviour with that at
pre-oxidized electrodes (see 3.7.6 and below) at which donative
chemisorption of anions is much less favoured. |

It is of interest to compare the form of Fig. 2la with that
expected for a Langmuir isotherm function. Fig. 21b shows the
expected coverage of an adsorbed species as a function of the
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log of concentration of the adsorbate for an arbitrary value
(for convenience, 1) of the Langmuir adsorption constant K in
6/1-8 = Kc. The comparison between the experimental data of
Fig. 2la and the theoretical form of the Langmuir isotherm is
facilitated by arbitrarily setting the datum for 50% blocking at
the # = 0.5 point on the theoretical curve (solid line in Fig.
21b).

It is seen that up log C = 0.8, the experimental data (Fig.
21b) are fitted rather well by the Langmuir isotherm function
and only beyond the above concentration (log C = 0.8) do the
experimental data deviate, in fact in a manner approaching a
linear log C forn. This corresponds, probably, to onset of
significant lateral interactions arising at relatively high
surface concentrations in a way similar to that arising (Fig.
21a) over the whole concentration range for Cl adsorption at Pt
for which 4 (egn. 43) is smaller. In fact, for most of the
competitive adsorption curve for Br  (Fig. 2la), y must be as
large as ca. 0.9 up to log {Br’] = 0.8 (Fig. 21b).

The large qualitative, as well as quantitative, difference
in the competitive adsorption behaviour of Cl and Br® ¥s surface
oxide formation at noble metals, indicates an appreciable
difference in electrosorptive affinity of Cl° and Br  for Pt in
the two-dimensional lattice of co-adsorbed OH + O species that
are involved in the initial stages of oxide film formation (78]

(see below).
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5.1.4. Onset of Br, Formation at Pt

As was notaed above, the sharp current rise at about 1.13 V
(see Fig. 17) towards the positive end of the anodic sweep
arises on account of bromine formation, the onset potential for
which follows the Nernst relation (see chapter 1)

E = 1.016 - 0.059 log a, (ag) vs Ag/AgBr
for the reaction:
2Br7ggy ™ BIry, t+ 2e (44)
Hence bromine formation commences, thermodynamically, at E =
1.016 - 0.059 log 102 = 1.13 V for ay, = 10? M.

The curves of Fig. 16 and 17 for Pt exhibit the most
distinct sharply rising current beyond ca. 1.15 V which is to be
attributed to onset of bromine formation over the most positive
anodic potential region, as measured in 102 M and 102 M HBr (with
0.1 M HC1l0,) . The more concentrated is the bromide solution, the
sharper is the anodic current increase in the positive potential
range of the cyclic voltammogram, as may be expected since there
is less inhibiting effect of the co-deposited OH or O species.
In dilute solutions, the sharply rising current profiles are
distorted (Figs. 13—15), with shoulders arising due to
background currents for simultaneous competitive oxide f£film
formation and, at the highest potentials (»1.23 V), eventually
and possibly to some co-evolution of 0,.

From the cyclic voltammograms for appreciable Br’

concentrations (10?%, 102 M, Figs. 16 and 17), it is seen that
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virtually no co-deposition of OH and O Pt surface oxide species

takes place, as indicated by the lack of an "oxide reduction®

current peak on the return cathodic sweep of the kind that
clearly arises when the cyclic voltammetry is performed in more

dilute bromide solutions, e.g. see Figs. 13 and 14.

This effect arises for two reasons:

a) in the stronger Br" solutions, the competitive blocking by
formation of the oxide species is much less, as seen from
Figures 16 or 17;

b) in the stronger Br® solutions, the onset of appreciable Br,
formation currents arises for thermodynamic reasons at lower
Br'/Br, thermodynamic potentials (cf. egn. 44) at which less
oxide coverage would, in any case, be present.

An important conclusion is then that for anodic Br,
formation, the process takes place virtually on an oxide-free
surface when Br concentrations are greater than ca. 10°* M, as
seen, e.g., from the comparative curves of Fig. 18. Only on a
surface separately pre-oxidized in agueous HC1l0,, can the process
take place on an oxide-~film covered electrode, as shown in Fig.
22 for an oxide film of ca. 3 equivalent monolayers of "PtO".

Since study of the anodic Br, formation mechanism is one of
the purposes of the present research, [Br’] » 10% M is the
preferred minimum concentration, but concentrations of 10' M
have, in fact, been employed in most experiments.

Fig. 15 shows the CV for 10" M HBr at Pt in 0.1 M HClQ,;; the

onset of bromine formation again corresponds to the steep rise
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of the current-density at the positive end of the sweep; Figs.
16 and 17 show the CV's for 102 M and 10° M HBr in 0.1 M HClO,;
the potential range for H adsorption becomes narrowed with
increasing concentration of Br, in this case because of
competitive adsorption between H and adsorbed Br- as known in the
earlier work by Breiter [23]. Fig. 14 shows the CV for 10" M HBr
in 0.1 M HClO, while Fig. 13 records that for 10° M HBr in 0.1 M
HCl0,.

In dilute Br solutions or at high current-densities where
onset of diffusion control could arise, parallel  anodic O,
evolution could set in. The concentration of Br  that would
correspond to a Br'/Br, reversible potential of +1.23 V (Eu).,
i.e. equal to the potential that 0, would (thermodynamically)
just begin to be evolved in parallel with Br, formation, can be
calculated from the Nernst eguation:

1.23 = 1.087 - 0.059 log [Br’]
Hence
[Br') = 0.00377 M = 3.77 x 107 M,
neglecting activity coefficient effects.

In fact, the cCV results for Pt in 0.1 M HCl0, with the
addition of HBr at concentrations from 10? to 10? M, or beyond,
show, as mentioned earlier, virtually no oxide film formation;
this, and the Nernst potential factor, makes it possible to
establish bromine formation before 0, evolution sets in, unlike

the situation with Cl7/cl,. The oxygen evolution potential is
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then higher than that for bromine formation, as well as the
catalytic surface for 0, evolution being changed, so that bromine
formation sets in earlier than oxygen evolution and bromide
adsorption blocks the stages of Pt surface oxide film formation
that are involved in electrocatalysis of the 0, evolution
reaction.

The related results of Breiter [27]) showed some indications
of a small degree of surface oxidation in the more concentrated
bromide solutions such as in 10? and 103 M HBr, possibly because

of the use of more concentrated HC10O, (1 M).

5.1.5. Onset of Br, Formation at Other Noble Metals

It was also of interest to examine, comparatively, the
onset of Br, formation at other noble metals, the surface
oxidation characteristics for which are known [11,43,68] to be
significantly different from those of Pt and thus the role of
the oxide films would be different.

Various noble metal or noble-metal-loaded anodes employing
Pt, Rh, Ru, Ir, Pd, etc. have often been studied as
electrocatalysts for anodic reactions, e.g. Cl, evolution. Figs.
23—26 show comparatively the cyclic voltammograms at Rh, Ir and
Ru in 0.5 M ag. HCl0,; they are different from those for Pt
because their surfaces have different affinities for OH or O,
and different kinetics of thicker oxide-film growth; also the
UPD H adsorption is different.

Figs. 27—31 show CV's for 0.01 M HBr in 0.5 M HClO,
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comparatively at Rh, Ru, Ir, Pd and Pt electrodes. The overall
comparison (Fig. 31) shows that Br, formation arises rather
similarly at Pt, Ir and Rh, with a broad anodic peak around 1.13
V vs AgBr/Ag. However, at the Ru electrode, a shoulder appears
on the CV like that at Pt, associated probably with oxide film
formation coupled with Br, formation. Note that at Ru surface-
oxide film formation commences at substantially lower potentials
than at Pt and film thickening is more facile. At the Pd
electrode, more extensive Br, formation arises during the
experimental observations and a sharper current rise than that
at Pt or Ir appears in the CV. Also, there is an anodic current
peak both on the anodic and cathodic sweep profiles at Pd, the
origins of which are unclear but will be further checked in
continuing follow-up work.

The cathodic peak currents on the cathodic sweeps, in the
case of these four metals (Rh, Ru, Ir and Pd), that arise
immediately below the rising currents for Br, formation (see Fig.
31) are probably associated with reduction of Br, formed on the
prior anodic sweeps, as was also seen in the results for Pt at
appreciable Br  concentrations (Figs. 15—17).

The influence of bromide ion adsorption on the surface
oxidation behaviour of these electrodes is analogous to that at
Pt but a certain degree of specificity of the effect with
respect to the identity of the substrate metal is observed, as
may be expected. This specificity arises jointly from (a) the

potential at which oxide film formation begins; (b) the
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electrosorption isotherm for sub-monolayer oxide film
development and (c) from the properties of the metal surface for
Br' adsorption. The resulting state of the surface thus depends,
in part, .on the surface and bulk properties of the substrate
noble metal electrode, and the species in solution, as well as
on the electronic (donicity, polarizability) and hydration
properties of the bromide ions themselves that become adsorbed,

as has been emphasized earlier.

5.1.6. Thermodynamics of Trihalide Complex-lon
Equilibria in Various Solutions of Br’

In the reaction schemes (see section 5.2), the possibility
of discharge from the Br; ion, in parallel with that from Br-,
was recognized. Behaviour of the resulting adsorbed Br' and Bry
intermediates in electrocatalysis of the anodic Br, formation at

Pt is one of the aspects of the Br, formation reaction studied in

the present work.

The results of Iwasita and Giordano [47] show, because of
the stability of Br,y, that it is more difficult to reduce Br3-
than Br,. Possible reactions invelved in the n-electron

Br,/Br"/Br; couples, when Br; ion as a co-reactant is taken into

account, are:

Br, + Br" = Bry (n = 0) (45)
3Br" =+ Bry + Ze {n = 2) (46)
2Bry = 3Br, + 2e (n = 2) {47)

The theoretical 0.059/n value for both the X; /X and X,/Xy
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couples is 0.030 V dec’. The larger-than-predicted values
obtained [47)] for 0.059/n in nearly all cases for X;/X and X,/Xy
couples in different solvents suggested, therefore, that the
electrode reactions were "irreversible".

The formation constants of the I;, Bry and Cl;y ions in
aqueous medium are 10°7, 10'? (Table 6), and 10"7, respectively.
Because the acid strength, in the Lewis sense, of the three
halogens is in the order Cl, > Br, > I, and the base strength
order of the three halide ions is Cl° > Br” > I, the order of the
stability constants [85] of the trihalides at first glance
appears to be incorrect. Water, however, is a stronger acid
than Cl, and a stronger base than Cl°; therefore, the hydration
energy of both X and X, increases from the triiodide system to
the trichloride systenm. This is mostly an ion-size effect.
Accordingly, the stability of the trihalides decreases in the
order triiodide > tribromide > trichlorige.

The above tribromide formation constants, in particular
that for Br, enables the concentrations of Br; species to be
calculated for a series of Br” and Br, concentrations, as shown
in Table 6. These data are, of course, important for
consideration of the kinetics of Br, formation in relation to the
speciation of the reactant ion and that of the intermediate.

Aprotic solvents such as acetonitrile, nitromethane and
acetone are appreciably less acidic or less basic than water.
The solvation enerqgy of the halogens in such solvents, in the
Lewis acid-base scnse, and especially of the monomeric halide
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ions is much less than in water,
trihalides is hence greatly increased.

for the formation constants of the trihalides then to show the

expected order, Kyq, > Kgny > Ko

In fact,

so that the stability of the

it is possible

TABLE 6. Estimated Concentrations of [Bry] for Various

Br'/Br, Concentrations (K, = 10! M)

[Br’] (Br,]} [Bry)

0.5 6.2x107 5,0%x10*

1.0 1.2x10" 2.0x107

1.5 1.9%x104 4.5x%x107

2.5 3.1x10% 1.2x1072

3.0 3.7x10™ 1.8x1072

5.0 6.2x10* 5.0%x10?

Voltammetric evaluation of the stability of trichloride,
tribromide and triiodide ions in nitromethane, acetone and
acetonitrile were studied by AdZ¥ié&, Yeager and Cahan [46]): in
aprotic solvents, the order of stability of the trihalides is Cly

> Bry > Iy, the reverse of that in water.

5.2. Steady-State Kinetic Behaviour of the Br/Br, Formation Reaction;
Tafel Relations

5.2.1. Elementary Reaction Steps in Overall Mechanisms

First we outline the possible reaction steps in several
mechanisms and present the relevant kinetic equations and

electrosorption relations for the reaction intermediates.
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An overall electrode reaction is generally composed of a
series of partial reactions except in the case of a simple
electron-transfer redox process involving stable ions. In at
least one of these partial reactions, charge carriers (electrons
and/or ions) are transferred across the electrical double-layer
at a phase boundary corresponding to a "charge-transfer"
reaction. The rate of such a process is determined by the
potential difference across the double~layer or some component
region of it, e.g. the Helmholtz layer. A “chemical reaction"
is different, being a reaction the rate of which depends on only
the concentrations of the components or adsorbed reactants and
ir‘ermediates (in electrolytic processes), and its rate constant
is independent of the potential.

Elementary steps in the bromine formation reaction involve
discharge of Br  ion at the metal (M) surface or at surface oxide
sites (see below), followed by recombination or electrochemical
desorption of the M/Br species to form Br,, where [/ represents
the surface at which the species is adsorbed.

The possible principal reactions, e.g. at a noble metal®
surface such as Pt, are

Br + Pt -« Pt/Br + e I

2Pt/Br’ « 2Pt + B, IIa

*Anodic Br, formation is practically observable only at C and the noble metals, and some

unreactive oxides, e.g. RuQ,, At base metals, anodization in the presence of Br results either
in metal dissolution or "MBr" salt formation at the metal surface, e.g. as for Ag. The results
referred to earlier at Hg [50] are puzzling in this respect since Hg,Br, would be expected to be
the first product.
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or
Pt/Br’ + Br » Pt + Br, + e IIb
Steps I, or IXIa and IIb are analogous to respective steps in H,
or Cl, evolution, as noted earlier.
In the case of bromine, other steps involving trimeric
species Br; (see section 5.1.6) can be involved, e.qg.
Br, + Br® = Bry III

which can also be discharged, in parallel with that of Br:

Bry + Pt = Pt/Bry + e Iva
or

Br, + Pt « Pt/Br + Br, + e Ivb

2Pt/Br; = 2Pt + 3Br, va
or

Pt/Br, + Br = Pt + 2Br, + e Vb

According to Llopis and Vazgues [86], the rates of
formation of Br, and Br, are comparable; the total rate, v,, for
step III is then

vy = k3[Br'][Br;] - K;[Bry] (48)

For a fresh bromide solution at the beginning of an
electrochemical experiment, {Br,] = 0, [Bry] = 0, then v; = 0,
vy, = 0, vs = 0. Therefore, the first two steps are initially the

predominant reactions.

5.2.2. Discharge and Chemisorption Involving the Already Chemisorbe
Br-% Species

It was shown in section 5.1 that the primary reactant, Br’,
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normally exists in a chemisorbed state at the Pt electrode
having suffered an appreciable degree of spontaneous charge-
transfer in the adsorption process (eqn. 43).

An interesting situation arises in such a situation when
electrosorption of an intermediate, here Br' (step I), originates
from an anion already chemisorbed with partial (de) transfer of
its electronic charge. This case hai not, it is believed, been
previously considered and is relevant to the mechanisms of Br,
formation considered in the present work.

At a freshly reduced Pt electrode, the reactant species, in
its adsorbed state, is Br®% (see egn. 43) and its discharge, in
the first step of the overall reaction supposedly to Br', will
therefore involve transfer of (1-§)e of cherge. It would appear
that the argument of the Tafel exponent will then be §(1-8)FV/RT
for that process. However, process I implies an eguilibrium
between Br- and Br"® (adsorbed), so that the surface
concentration of Br’® should vary with potential according to a
function involving exp(6FV/RT). The overall Tafel slope for
discharge of Br  would then be b=exp(§FV/RT)-exp[B(1-6§)FV/RT],
i.e. exp[f+§(1-8)FV/RT], corresponding to a Tafel slope value of
2RT/(1+8)F if B = %, which is <2RT/F for the reqular discharge
case with 8 taken as %.

Such Tafel slopes would not experimentally be observed in
the present case since they are obscured by the recombination
step being rate-controlling (see below). However, the pre-rate-~

. controlling reaction (43) is involved implicitly in the quasi--

125



equilibrium step I so that 6; is related to Br® ion concentration
through the term exp(§FV/RT) for Br!? chemisorption combined
with the term exp[8(1-§)FV/RT] for the electrosorption, i.e.
discharge, of Br from Br%%, i.e. the regular exponent for the
step of electrosorption of Br' from Br’, exp(1VF/RT), is recovered
as might be intuitively expected for the overall quasi-
equilibrium process I.

5.2.3. Kinetic Equations for the Multi-Step Process

and the Role of Intermediates

Kinetic equations for the anodic Br, formation reaction take
into account the rates of Br or Br; discharge in relation to the
rates of formation of Br, from the adsorbed intermediate, Br' or
Br;. When one of the Br,~molecule forming steps is rate-
controlling, the potential-dependence of the coverage by the
adsorbed, discharged intermediate (cf. section 5.2.2) is one of
the factors determining the rate of the overall reaction and its
potential dependence.

As in the hydrogen or chlorine evolution processes, if step
IIa is sufficiently faster than the alternative desorption
reaction IIb, it is referred to as the "Volmer-Tafel" pathway
while if step IIa is much slower than IIb, it is referred to as
the "Volmer-Heyrovsky" pathway. Either of the reaction steps
ITa and IIb can have small rate constants compared with those of
step I and are then referred to as "rate-determining", depending

on which reaction has the smaller rate constant compared with
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that of step I, but then the predominant pathway is determined
by which step, IIa or IIb, is the faster. 1In the steady-state,
no step should be referred to as "slow", a frequently erroneous
usage.

The steady-state kinetic equations for a multi-step
electrode reaction take into account: a) the potential
dependence of the rate-constant of the charge-transfer
desorption step, if this is rate-controlling together with b)
the potential dependence of coverage by the electro-active
intermediate that is involved (here Br’ or Br;, steps IIa, b or
Iva, b) or, if the recombination steps IIa or Va, are rate-
controlling, only the potential dependence of coverage by Br or
Br,’. Alternatively, c¢) if the rate constants of the various
desorption steps are substantially greater than that for the
discharge step I, then only the potential-dependence of that
charge-transfer rate constant determines the electrode kinetics.

The potential-dependence of coverage by adsorbed reaction
intermediates (Br' or Br, here) is usually dealt with in terms of
a Langmuir-type [87] electrosorption isotherm (or if lateral
interaction effects are significant, by a Frumkin-type isotherm,
as explained in section 5.1.3). The electrosorption isotherm
for coverage by the intermediate is usually derived by means of
the approximation (for desorption-controlled kinetics) that the
pre-rate-determining step(s) is (are) almost in equilibrium (so-
called "quasi-equilibrium" approach) and that the Langmuir-type

isotherm is applicable, at least at relatively low coverages.

127



Assuming the fractional surface coverage by the Br’
intermediate (step I), 6, -, 1s proportional to the surface
concentration of discharged Br' intermediates from step I, and
the free-site fraction (1 - #,) (regarded as "reactant" in the
adsorption step I) is proportional to the concentration of free
sites on the surface, then, an electrochemical Langmuir isotherm
can be deduced from the kinetic equations for step I and its
reverse, Vviz.

i; = FK,Cp-(1 ~ Op) exp(ByF/RT) (49)
i, = Fk,fyexp(-(1 - B)9F/RT] (50)

If quasi-equilibrium is assumed, the forward and backward
currents can be virtually eguated, i.e., i, = 1i,. Then an
electrochemical adsorption isotherm relating the fractional
surface coverage @ to the potential difference across the
interphase or the overpotential 7 can be written, as in egn. 10,
as

Ope/ (1L = Op) = K CpeeXp(9F/RT) (51)
where, X, = k;/k,. If interaction effects are significant, K, is
substituted by K;,exp[-gf;-] where g is an interaction parameter
(Frumkin isotherm, eqn. 11}.

For the case of the Volmer-Tafel pathway, i.e. step IIa
being the rate-determining but preferred step, with Br
recombination arising from discharged Br' atoms, the rate of the
overall reaction will be given by

i, = 2Fk, 057 (52)

At sufficiently low coverages, 1 = 8 = 1

128



0y = K CyeeXp(nF/RT) « 1
i.e, coverage becomes a simplie exponential function of y and the
rate equation then becomes

i,, = 2FK,K,’C)-2exp (29F/RT) (53)

At 298K, a Tafel slope b = 29 mV/dec will arise (Fig. 31) for
such a condition. As &, > 0.1, however, the % vs log i plot
will depart from linearity (see Fig. 31) because then

0y = [KCyeexp(nF/RT)]/[1 + K,Cp-eXp(nF/RT) ] (54)
and correspondingly

iy = 2Fky,{[K\Cp-eXp(9F/RT)]/[1 + K,Cp-exp(qF/RT)]}* (55)

Egn. 55 enables a special equation tc be written as a basis
for testing applicability of recombination-controlled kinetics
to experimental kinetic data. Thus, egn. 55 can be rearranged
to

exp (WF/RT) 1 /15" = (2FK,) ™[ (K/Cp)" + exp(yF/RT)]  (56)
Then if [exp(nF/RT)]/i," is plotted vs exp(4F/RT) and is linear,
this will indicate that the reaction is recombination-
controlle”. The slope of such a relation will be (2Fk,)™ while
its intercept will be (2Fk,,) *%(K,C;-)"', from which k,, and X, can be
evaluated (see Fig. 37 in 5.2.5).

As @ approaches unity (full coverage), an activation-
determined limiting current-density i, = 2Fk,, will arise (Fig.
32a, in the log i region 1 to 2, log # region 0 to 1) which is
independent of overpotential and any mass-transfer in solution.
In regard to the latter point, it should be noted that limiting

currents may also arise for quite different reasons if
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diffusion-controlled conditions are attained. Below iog 1 =
ca. 10°, (Fig. 32) a Tafel slope of 2.3RT/2F (29 mV at 298 K)
arises (eqn. 53) that is characteristic of the recombination
type of mechanism.

It is to be noted that if an already appreciable coverage
by the Br' intermediate arises at the reversible potential of the
Br'/Br, reaction, determined by the electrochemical equilibrium
constant K, of step I, a physically possible situation for a
sufficiently large K, value at n = 0, then the Tafel relation
shown in Fig. 32a will rise from the 3 = 0 origin at a larger 0,
than for the arbitrary situation chosen for the calculation of
the curve in Fig. 32a. For example if K, is such that say {,.
(y=0) is around at least 0.001 ~ 0.01, then no linear region of
Tafel slope 0.029 V will be observable. In fact, near the
reversible potential, the Tafel 1line will curve in
asymptotically to the axis of abscissae (in the usual way)
without the low-slope linear region being manifested (Fig. 32b),
because of the increasing participation of the back-reaction as
n =+ 0.

This seems %to be the explanation of the Tafel curve
behaviour observed in a number of the experimental relations
shown (Figs. 34—36, etc., see below) in the present work.

For the case of a Tafel relation having a slope of RT/fiF,
= 2RT/F for B = 0.5, for a discharge-controlled step, the back
reaction correction for currents near the reversible potential

is through the well known factor originating from the Butler-
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Fig. 32.
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Volmer egquation, viz.
i, = 1/1-exp(~9F/RT) (57)

where i, is the actual anodic current component (relevant to the
anodic reaction Xkinetics) and i the net measured currents.
However, for a recombination-controlled current, as in B,
formation, the equivalent of the Butler-Volmer equation is

i=1i, - |i,| = 2Fk% - 2Fk,(1 - 8)? (58)
This relation can be written in terms of the coverage, #,. ., at
the equilibrium potential:

i = i/, = 1o(2 = 67%,) /(12 = 0 )° (59)

so that the actual anodic current component is

(A -0, O,

i, =il -
=i 0. 1-0

1 (60)

Br* .
Introduction of the (Langmuir) isotherm for Br electrosorption

83- Gﬂr' 'qF
r - N4 . L 61
R e (61)

o Br"c

allows the required anodic current component to be derived as:

2qF

: = i/l-exo[-21E
i, = i/1-exp[ =

(62)

which differs from the correction result for the ion-discharge
case shown above with exponent -ynF/RT.

Hence, as the recombination-determined Tafel relation
approaches 7 = 0 at low polarization, the recombination-

controlled anodic current, i,, for Br, formation must be
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calculated from the measured net 1 wvalues with the above
correction factor applied. For small 5 values, dy/d 1ln i is
< RT/2F and not constant.

In Fig. 33, an example (cf. Table 7, 8 and Fig. 34) is
shown from which it is seen that an almost linear relation
arises down towards n = 0 rather than the continuous curvature
of the experimental net-current relations. Significantly, its
Tafel slope is near 30 nV dec’. Although there are some
deviations of the corrected points from the line, there do not
exceed the reliability of the 5 measurements which are 1~2 mV at
the low 7's here; note the time scale for 7.

TABLE 7. Calculated Values for the Correction of i
for the Back-Reaction Effect

#—_——_m=_ ——
n/V -003 | .005 | .007 | .001 | .013 | .027 | .020| .025 | .03 |
||1ﬂpr2“HRTl -208 | .323 | .420 | .541 | .637 | .734 | .785 | .857 | .903 "

0.03 ¢
E
= 0.02
|5
s}
B 0.0
<M
>
o
0 t i .
-5 -4.5 -4 -3.5 -3
log (i/[1-exp(-29EF/RT)])
Fig. 33.

Correction for the back-reaction effect, e.g. for
the Tafel-plot results for Pt in 3 M NaBr/0.1 M
HClo, at n = 0.003, ¢.005, 0.007, 0.01, 0.013,
0.017, 0.02, 0.025 and 0.03 V (cf. Pig. 34)
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Another modification of the recombination test equation can
be made which is best applicable to relatively high 6, values.
Thus rearranging egn. 55 in a different way, the Kkinetic
behaviour can then be examined more sensitively for high 6,
conditions; the resulting equation is

in™ = (2Fk,)™ + (2Fky,) ™ (KCpe) 'exp (-F/RT) (63)

This also again enables both k,, and K, to be evaluated (see
Fig. 36), this time from the slope and intercept of the plot of
i, vs exp(-yF/RT). This procedure and that involving egn. 56
was developed by Conway and Novak [88] as a new method to test
the applicability of the "recombination-controlled" mechanism
and to evaluate it guantitatively for coupling of steps I and
IIa.

The Temkin isotherm in the quasi~equilibrium approach has
also been used to examine further the "Volmer-Tafel" type
mechanism, especially by workers of the Russian School. Both
interactions and heterogeneity effects usually arise at a real
surface. The latter effects are taken into account by
introducing a coverage-dependent adsorption energy in the
configurational partition function in the approach used by
Temkin [64]. For immobile adsorption, heterogeneity is not
detectable by coverage-dependent heat of adsorption because
sites of varying energy are filled randomly and the measured
heat of adsorption is hence an average value. However,
significant lateral interaction effects will still lead to a

coverage-dependent adsorption energy for different reasons
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arising from close-neighbour configurations (Frumkin isotherm),
the probability of which increases with ..

The basic assumption underlying the Temkin isotherm is that
a varying energy of adsorption arises on account of
heterogeneity so that the surface is regarded as being made up
of patches. At each patch, the Langmuir isotherm is supposed
[87] to hold independently, with a local standard Gibbs energy
or heat of adsorption, depending on the patch distribution, and
decreases linearly with coverage:

AG®,, = AG®, + rf, (64)

4G°,- does not, however, always vary linearly with &;.. To
modify the equation, the # term in the exponent can be raised to
a power n, i.e., aG°; = aG°, + rf%; then egn. 64 is a special

case for n = 1.
5.2.4. Kinetic Equations for the Case of Significant Interaction Effects

The equations for i,, i, and i, or i, can be rewritten as
follows, if an interaction term, g, is taken into account:
i, = FXCp- (1 - O5) exp (-Bgby-) exp (f1F/RT) (65a)
i, = rk,fgexp[(1 - B)gby-Jexp[~(1 - B)nF/RT] (65b)
and
i,, = 2FK,052exp (2gl.) (66a)
or
i = 2Fkyfp-exp(-f'gly ) exp(B'nF/RT) (66b)
For the case of step I being in quasi-equilibrium, i.e., i, = i,,

[One/ (1 = bg) Jexp(gby) = K, Cy-exp(9F/RT) (67)
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This is a Frumkin-type isotherm {(cf. egn. 11). The isotherm
comparison in Fig. 21 showed that g is quite small for bromide
adsorption up to ca. 70% coverage. The Langmuir isotherm
emerges as a special case for g = 0. For intermediate values of
coverage, 0.2 < f < 0.8, and if an appreciable value of g
applies, the exponential term in the equation would predominate;
then taking logarizhms oI Zoth sides of eqn. 67 and noting then
that 1n [fp /(1 — 0p)] = 0 because f = 1 - f,., so that 0,/(1 -
0,) = 1, then

Ope = [1n K,Cpr}/g + nF/gRT (68)

This is equivalent to the Temkin isotherm, i.e., 0, would
be linearly dependent on the overpotential » and logarithmically
dependent on the concentration, C;., as for Cl°. However, the
physical significance of egn. (68) is quite different from that
of Temkin's isotherm and the analysis of the experimental

isotherm for Br at Pt shows that g is, in fact quite small.

From egn. (67), 0, can be written implicitly as

0. = K,Cp exp(nF/RT) 69)
B exp(gh;,) + K,Cy-exp(mF/RT)

if i,, i,, i, are combined, the total current can be

obtained as

' K,Cy-exp(nF/RT) 2
= r B . 70
4 2Fl% exp(genr-) + KICBrexP(TlFIRT)] exp(Zg Br ) ( )

which can be rearranged as
exp (nF/RT) [/ i"=(2Fk,,) “{ (K,Cg) '+exp (-gfy ) exp (9F/RT) ] (71a)
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or

i% = (2Fk,) ™[ (K/Cy-)'exp(-9F/RT) + exp(-gly)] (71b)

The initial Naperian Tafel slope at low overpotential, for
conditions when 8,  is small, remains RT/2F but the 1limiting
current-density, i.e. for #,, - 1, now interestingly should
depend on the lateral interaction parameter g as well as k.

The steady-state treatment includes the pathways of
recombination and electrochemical desorption, and the reverse
direction of discharge. In the steady-state, the surface
concentration, related to §,  of adsorbed Br', is independent of
time, i.e., dfy./dt = i, - i, - i, - ip = 0. In the case where

the Langmuir isotherm applies

i, = FK,Cp- (1 = Oy )exp(ByF/RT) = k' (1 - o) (72)
i, = Fk fyexp[~(1 - B)nF/RT] = Kk, 'Oy (73)
i, = 2FK,f0p2 = K,'0,2 (74a)
i, = Fkyfp-exp(B'nF/RT) = ky'0y (74b)

B and B8' are symmetry factors for the charge-transfer steps
of ITa and IIb. Therefore, Br coverage is now given, in the
steady-state case, from

K" (1 - Op) = kgl - Ko 'O = kpp'Op = 0 (75)
so that

_ - k) + k) + [k + k) + k) + 4kl "
2k,

Bp, (76)

Under some conditions, the current can be contributed by

both pathways, i.e. for steps Ila and IIb in parallel; then
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i=4d, + i, = k"0 2 + Ky 'Oy (77)
so that "mixed control" of the kinetics can arise with
corresponding more complex potential dspendence than for the
individual cases treated above. This type of situation usually
has been emphasized as rare or coincidental but in the papers of
Enyo [89,90]}, for the analogous case of cathodic H, evolution,

such a possibility has been taken into serious consideration.

5.2.5. Kinetic Behaviour at Fresh Pt (and Pt RDE) Electrode Surfaces

In section 5.1 it was shown experimentally that Br  ion
adsorption is determined in an important way by its
concentration (chemical potential) in relation to competitive,
potential-dependent, electrosorption of the surface oxide
species (egns. 38 and 39) at Pt and also other noble metals.
Hence, the state of oxidation of the Pt anode surface can be
important for Br, formation, as it is for Cl,. Accordingly two
kinds of kinetic experiments were conducted: one at "“freshly
reduced" Pt surfaces and the other at controlled "pre-oxidized"
ones. The results of experiments under the first set of
conditions are described in the present section, those under the
second set of conditions in section 5.2.6.

In order to characterize the steady-state kinetics of the
Br, formation reaction, steady-state polarizaticn curves for the
Br, formation reaction were measured potentiostatically at a
temperature of 298 K. The resulting behaviour at freshly

reduced Pt surfaces is shown in Fig. 34 for various
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1.5 M (%),

Tafel plots for 1.0 M (+),

Fig. 34.

0.1 M HClo,

3 M (x) and 5 M (A} NaBr in



concentrations of Br up to 5 M. The concentrations of NaBr in
0.1 M HClo, from left to right are 1.0 M, 1.5 M, 3.0 M, and 5.0
M. Tafel plots (Fig. 34) showed the Tafel slopes to approach 30
mV dec! but only over a restricted range of 3's in the lower
overpotential region. However, continuous curvature in the
approach to the reversible potential arises; this is where the
back-reaction becomes significant and thus obscures a clearvr
linear low-slope region with b = 30 mV dec’'. However, as shown
in section 5.2.4, corrections can be made to the net measured
currents for the participation of the back-reaction at low 73's
as illustrated in the example plotted in Fig. 33.

IR drop corrections were also made with R values being < 7
f1l. The iR-corrected Tafel relations above the low overpotential
region all seem to be non-linear, with apparent approaches to
limiting currents in the -1.5 to -0.8 decade of i. The directly
measured Tafel relations remain curved after "“iR" correction, as
exhibited in Figs. 34, 35 and 36. The significant conclusion
then follows that the curved Tafel relations observed here
cannct be due to the influence of uncompensated resistance
effects in the measurement system [70] which can give rise, on
a log scale, to an apparent rise towards a limiting current.

The approach to limiting currents in the iR-corrected
curves could, however, arise here trivially on account of:

a) mass-transport limitation inveolving Br® diffusion and/or
b) inhibition due to Br, accumulation at the electrode surface.

Both of these effects can be eliminated or diminished by
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use of a rotating disk electrode. A set of experiments using a
rotating platinum disk was therefore carried out in sodium
bromide in 0.1 M HCl0, supporting electrolyte solution at
rotation rates 0 to 4800 rpm. Results for 240, 480, 720 and 960
rpm are shown in Fig. 35 and for 0, 1200, 2400, 3600 and 4800
rpm in Fig. 36. All these results have been "iR"-corrected. It
is important to observe that the resulting Tafel relations are
usually still smooth curves, and for 1200—4800 rpm they reach a
common, rotation-independent, limiting current-density of ca. 107
A cm?. At rotation speeds higher than 5000 rpm, some noise
arises sometimes which may be due to unavoidable mechanical
disturbance or turbulence of the system.

The Tafel plots thus obtained at the Pt RDE demonstrate
clearly that the limiting currents are independent of rotation
rate in the range 1200 toc 4800 rpm but somewhat dependent at the
lower rotation rates {see Fig. 35) probably due to slowness of
Br, removal. The exchange current-density is ga. 107 A cm™.

The curved form of these relations, with approaches to
limiting currents that do not arise either from "iR" effects or
diffusion control, suggests that Br, formation kinetics, under
the present conditions at Pt, are Br'-combination controlled
(Fig. 36). This is supported by the observations of approaches
to low Tafel slopes of 28—33 mV dec! at low overpotentials.

A further critical test is use of the eqgn. (56) for testing
applicability of recombination control, i.e. by plotting as in

Figs. 37a and b, exp(yF/RT)/i% vs exp(yF/RT) or, alternatively
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based on the Tafel-plot results for 3 M (O) and

5 M (+) Br’ solutions, estimated %, and K, values (cf.
eqns. 56 and 63) are: a) 3 M Br, k;,, = 4,80%x107 M! g7,
K, = 1.09 M'; 5 M Br, k, = 5.46x10" M! s, K, =

0.616 M'; b) 3 M Br, k, = 4.43x107 M' g, X, = 1.03
M'; 5 M Br, k, = 5.19%x107 M! s, K, = 0.607 M!
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(egqn. 63) i™“ vs exp(-7F/RT) using data obtained in experiments
performed in 3 M and 5 M Br" (NaBr in 0.1 M HCloO, at Pt). Figs.
37a and b show the results of such plots: in both figures,
straight 1lines are obtained. Therefore, the major rate-
determining reaction is quite clearly indicated as the Br’
recombination step.

Since electrode rotation experiments using a Pt disc showed
that the Tafel relations were independent of rotation rate (Fig.
36) except at low rpm, it is also to be concluded that possible
effects due to mass-transport of Br' ion to, or of Br, away from
the Br,~-forming anode were rendered negligible under the
conditions for Fig. 36.

For the purpose of providing quantitative data for the
record and for possible future use, the data obtained in aqueous
HC1l0, solutions are listed in Tables 8 and 9 for reference.

TABLE 8. Experimental Data on Tafel Measurements
at Pt for Various Br" Concentrations

n (V) i, (5M Br-) i, (3M Br’) i,(1.5M Br") i,(1M Bx")
0.000 1.9%x107 9.4x10 7.1x10°6 2.1%x10%
0.010 2.7x10% 5.7%x10 9.6x%10°¢ 7.2x10°¢
0.015 3.5x10% 1.1x10% 1.0x1073 9.0x10¢
0.020 0.0043 1.8x10™* 1.7x10% 1.6%107
0.030 0.0057 3.7x10% 2.1x10™ 3.1x10°
0.040 0.0071 0.0037 0.0028 0.00049
0.045 0.0086 0.0043 0.0034 0.00064
0.050 0.010 0.0058 0.0046 0.00080
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¢.060

0.012

0.0073 0.0057 0.0013
|| 0.070 0.013 0.0088 0.0069 0.0019
‘l 0.075 0.015 0.010 0.0080 0.0023
0.080 0.017 0.012 0.0096 0.0026
|| 0.090 0.019 0.014 0.011 0.0035
ll 0.100 0.022 0.016 0.013 0.0046
0.105 0.024 0.018 0.015 0.0053
0.110 0.026 0.020 0.017 0.0074
0.120 0.028 0.022 0.019 0.0091
0.130 0.030 0.025 0.022 0.011
0.135 0.033 0.027 0.025 0.013
0.140 0.035 0.029 0.027 0.016
0.150 0.039% 0.032 0.030 0.018
0.160 0.043 0.035 0.032 0.020
0.165 0.046 0.039 0.035 0.023
0.170 0.048 0.042 0.038 0.026
0.180 0.051 0.045 0.041 0.028
0.190 0.053 0.048 0.044 0.031
0.195 0.056 0.051 0.047 0.034
0.200 0.058 0.054 0.051 0.037
0.210 0.063 0.057 0.054 0.040
0.220 0.067 0.060 0.058 0.043
0.225 0.070 0.064 0.062 0.047
0.230 0.072 0.067 0.064 0.050
0.240 0.075 0.070 0.067 0.052
|| 0.250 0.078 0.074 0.072 0.056
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TABLE 9. Experimental Data from Tafel Measurements
in 0.5 M NaBr (columns 2 and 3) and 0.1 M
NaBr (columns 4 and 5)

7 (V) i, (A cm?) log i, i, (A cm?) log i,
0.000 2.31x10°% -4.636 5.67x10% ~4,245
0.015 0.000105 -3.979 9.27x10%3 -4.033
0.030 0.000278 -3.556 0.000268 -3.572 |
0.045 0.000584 -3.233 0.000630 ~3.,201 “
0.060 0.00121 -2.919 0.00130 -2.885
0.075 0.00206 -2.687 0.00223 -2.652 "
0.900 0.00310 -2.509 0.00347 -2.460 "
0.105 0.00482 -2.317 0.00504 -2.298
0.129 0.00685 -2.164 0.00706 -2.119 “
0.135 0.00924 -2.035 0.00948 -2.023
0.150 0.0121 ~-1.918 0.0122 -1.914 "
0.160 0.0159 -1.800 0.0152 -1.819 “
0.170 0.0193 -1.715 0.0194 ~1.713
0.180 0.0229 -1.640 0.0230 -1.638 "
0.190 0.0272 -1.566 0.0268 -1.571 “
0.200 0.0313 -1.505 0.0310 -1.509

i 0.210 0.0355 ~-1.449 0.0351 -1.455 |
0.220 0.0401 -1.397 0.0395 -1.404
0.230 0.0454 -1.343 0.0448 -1.349 |

| 0.240 0.0501 -1.301 0.0492 -1.308

‘L_g;gpo 0.0549 -1.260 0.0541 -1.267

5,2.6. Role of the Presence of an Oxide Film at Pt

In the aqueocus medium, in the absence of competitive
adsorption by Br™ ion, an oxide film would be expected to develop

at Pt over the range of potentials for Br, formation up to
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appreciable rates, as seen in Fig. 13. When Br’ concentrations
are low, it has been remarked that an ascent towards a limiting
current [90] could be due to inhibition by increasing coverage
of codeposited OH and O species with increasing potential, as
well as possibly to onset of diffusion limitation. Inhibition
in that manner, however, is not the reason for the behaviour
observed in the present work since:

(a) similar behaviour is found for Br, formation at Pt from a
completely anhydrous, non-aqueous solvent, CF,COOH (see
below, section 5.3 and Fig. 39), in the complete absence of
water and oxide films and,

(b) kinetically-controlled limiting currents, with a curved
Tafel relation (see below), also arise at preoxidized-
rotated Pt surfaces where the electrode is already fully
covered by an oxide film which changes little during the
polarization run with potentials being changed in a
decreasing direction, under which conditions, oxide
coverage remains constant with potential.
overpotential vs log (current density) curves were

determined over the overpotential range 0 te 0.25 V, on an

electrode successively pre-oxidized to different states of oxide
film formation (Fig. 38). Comparing the behaviour observed with
the results obtained at a reduced Pt electrode, Fig. 39 shows
that the limiting current for Br, formation is reached at lower

currents at the preoxidized Pt electrode than at the "freshly

reduced" one.

148



uotanIos g W T Ut
{(Inoy suo JI03 AW 00§ IeT3uUajodasac je pazipixoaad)
ga¥ 3d pezTiprxoaad @yl je wdx (.) 009t pue 4y 3d

3e wdx (v) oos8y pue (g} o029t ‘(Z) ootz ‘() oo0ZT
Jo s8jea uorjzejzox Yits sjoid jogel jo uostaxedwop -8f PTJ

[,wo v/1] 801

1 1 1

POILOH W T° + Jd®N

P8 °0

G

a1’ @
@
2
=
S

g1- 5
2

pe"

gz

149



(Jussaad wrry SpPIXOC ou)

3e ¥4I snoapAyue ur xgy Jo siord Tajel - 6¢€ ‘BT g

3d
1 Bo7
_ . c— 9= q-
. +
1280 AY OF ¢
+ L
-+ +

_ - { co"
| - O
” . <
| )
” .. 5
g .. 1 OI 5
_ ot
: ++
; o)
: - >
| ot
m L . —te
_: " 4 SI° o
+ N
| | <
I |
L + 4 82’
! + “
| . m
) I
; +
“ - { S 1 L L mm.

150



It was found in previous work [23] on the Cl, evolution
reaction that kinetics of Cl, formation could be examined at
completely oxide-free Pt surfaces, using anhydrous
trifluorcacetic acid (TFA) as solvent.

Figure 39 shows a Tafel plot for Br, formation at Pt in 0.1
M KBr in nonaquecus, dry TFA solution for which no oxide film is
generated at Pt; again a limiting current is reached but at a
lower current-density than that for the aqueocus solution case.
As for the other cases, it appears that the Bxr’' recombination
step again controls the kinetics of Br, formation at 1low
potentials (approach to a 29 mV slope) while the second region
shows a clear approach to a limiting current, corresponding to
the limiting rate of the recombination mechanism proceeding at
more or less full coverage by Br' of the sites available for
adsorption of Br’, taking account of coverage by the organic

solvent (TFA) molecules.

5.3, Bromine Formation from Non-Aqueous Solutions

Interest in Br, formation from non-aqueous Br® solutions
arises from several directions: a) because the solvation energy
of Br will be different from that in water, the Gibbs energies
of adsorption of Br® ion should also be different; b) for related
reasons, the kinetics of Br, formation will be different from
those in water; c) the Br /Br,/Bry; equilibrium will be different

and, finally, d) if the non-aqueous (aprotic) solvent is
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sufficiently dry, no competitive oxide~film formation can arise.

For large concentrations, the product Br, can become

complexed with Br" according to the process considered earlier:
3B o) ™ B3 oougy + 28 (78)

or some dissolution of Pt can arise according to:
Pt + 4BC gy ™ PtBr? + 2e (79)

Acetonitrile (CH,CN) is an excellent solvent for a number of
inorganic electrolytes. As an aprotic solvent, CH,CN shows no
self-ionization.

The polar nature of CH,CN, which has a dipole moment of
3.37 D at 298 K and a dielectric constant of 35.99 (298 K),
allows strong ion-solvent interactions to arise leading to good
solubilities of a wide range of bromide salts such as CoBr,,
(CH;) NBr, (C,H;),NBr, or (GCH;),NBr in it.

Cobalt bromide in CH,CN has been demonstrated to have a
strong ion-solvent interaction ([39], hence an appreciable
solubility. However, only rather few studies of electrochemical
Br, formation in this solvent have been reported. The present
experimental results on cobalt bromide or (CH,),NBr, (C,H;),NBr and
(C;H;) NBr in anhydrous CH,CN enable comparative information to be
obtained under conditions where interfering OH and H adsorption
at Pt are absent, provided that the solutions were sufficiently
free from traces of water.

For CoBr, in CH,CN, the following complexation processes

have, however, to be considered:
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2CoBr, + 6CH,CN -15‘[Co}.=z.r2-3c1{3c1~112 fzcucmcmf* + CoBr,2 (80)
Taking C,, C, and C; as the equilibrium concentrations of CoBr,,
[CoBr,;  3CH,CN], and Co(CH,CN)s* or CoBr,”, respectively, with the
restriction ¢, + ¢, + 2C; =+ C; the initial stoichiometric

concentration of CoBr,, one obtains

¢, = Co/ (1 + 2(KK;)*] (81)
C, = Ky C/[1 + 2(KK;)*] (82)
G = (KEK)*/[1 + 2(KK) ™) (83)

since ¢’ ® 0 after extensive complexation and Ccycy ® constant.

Interactions of bromide ions with Pt or other electrodes
alseo arise in nonaqueous Br- ion solutions such as those of CoBrx,,
(CH;),NBr, (C,H;),NBr and (C;H;),NBr in CH,CN used in the present
work. The voltammograms in Figs. 40—43 show one peak and a
sharp rise in the anodic sweep current which is observed with an
almost opposite peak in the cathodic sweep. The humps that
appear in both the anodic and cathodic curves thus correspond to
Br  discharge and Br, formation at the sharp rise in the anodic
current.

These cyclic voltammograms show only anodic currents for Br,
formation and cathodic ones for reduction of any Br, formed in
the anodic sweep. No current components arise for oxide film
formation or reduction in these cases, since the solvent is
virtually free of water. -

Anodic Br, formation arises, of course, in the cyclic

voltammogram beyond the appropriate reversible potential (Fig.
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40); hence, either the bromide ion forms bromine faster than the
bromide ion forms the cobalt bromide/acetonitrile complex or,
most probably, Br, discharge can occur directly from the complex
or through its dissociation. When CoBr, is replaced by (CH,;),NBr,
(C,Hs) NBr, or (C;H;),NBr in CH;CN, the cyclic voltammograms (Figs.
41—43), show adsorption peaks, probably associated with organic
cation adsorption/desorption and sharp current rises for bromine
formation. The voltammograms shift very little with increasing
cycling time.

Cyclic voltammetry experiments were also conducted in TFA
with KBr as electrolyte. Fig. 44 shows the behaviour for 0.1 M
KBr in this solution; a sharply curved rise of current occurs
beyond ca. 0.9 V (Ag/AgBr) corresponding to Br, formation. It i3
possible for decomposition of TFA itself to arise by the Kolbe

reaction involving TFA, viz.

CF,C00" = CF,C00,,, (84)
CF,C00,,” = CF,C00 + e (85)
CF,CO00" =+ CF,; + CO, (86)
2CF, - CF,~CF, (87)

but this probably occurs only at much higher potentials; Br,
formation from discharged Br- will normally be preferred prior to
Br- diffusion-control setting in.

Fig. 45 shows, for comparison, the inflected Tafel
relations that are observed for Br, formation from
(CH,) ,NBr, (C,H,) ,NBr and ((C;H;),NBr in CH,CN. They are unlike the
smooth curves for Br, formation at Pt in the agueous or TFA

158



1

VAL UT 29 W T°0 jJo uexboumeiaToa DTT2AD

By agby A/3
g°

¥y -b1d

T

2
98" €-
1080

1eg'e >

D

O

7

188°3
{88°6

8o 21

159



Overpotential/V

.23

T T T 1 “"“—""-_":-“’
* LR
.28 X - .
b :"‘ t
§ ‘..A.‘ !
%'l .." ﬁﬁ
. 15 ~ ,§‘ n+“ - -
.+ -
™+ -~
" % ‘.-
N 19 ™ [] " - * &""‘ .
- L] . * %ﬁ'ﬁ"
L} * ”.A
et ey
[ ] - s - -
.+ ot - |
L] »* %"EO’ -
85 - - : ~Kort - by _l
* " w""‘" ~ I
. ' [ ’*4- Ww -
L] " * .’:’*‘?‘H' - -
" et -
@. 04 T T r :
-6 -s 4 23 -2 2
Log [i/A cm?]
Fig. 45. Tafel plots for Br, formation from 0.1 M solutions of

(CH;) NBr (*), (CHs)MNBr(+), (CsH;}NBr(~) in CH,CN at the
preoxidized Pt RDE at a rotation rate of 1200 rpm

(inflected curves); and comparatively from 1 M NaBr in
0.1 M HClO, at a Pt RDE (3600 rpm) preoxidized at 1.6

V (RHE) for periods of times as follows: |, 1.25 h,
+ 1.5 h, * 1.7 h, x 2 h, ~ 2.25 h (smooth curves).
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solutions and should be considered in two parts: the lower may
be due to bromine formation accompanied by adsorption of bromide
jons, and the upper part may be due to bromine formation
accompanied by adsorption of tribromide; the inflexion which
arises between the two parts is not, however, observed in
aqueous solutions.

The current densities are, however, small (before the
inflexion) compared with those in agueous medium, and are only
in the range 10% to 10? A cm? as is seen from Fig. 45.

The curves of Fig. 45 show that the inflexion behaviour is
clearly dependent on the size of the RN™ cation of the
electrolyte. It is therefore probably associated with
potential~dependent adsorption of the cation and associated
changes of the structure of the double-layer and the local
concentration of the co-anions, Br  or Bry, in the double-layer.
With increasing positive potential, R,N* cations will tend to be
decreasingly adsorbed but this effect will set in at higher
potentials the larger is the size of the ion. In fact the
inflections in the Tafel relations of Fig. 45 are typical of
relatively sudden desorption of a previously adsorbed cation as
the electrode potential is increased positively. It seems, at
relatively low bromine overpotentials, that the kinetics of Br,
formation are evidently facilitated by the presence of RN" ions,
the more so the larger they are. This is probably due to
enhancement of local Br  concentration in the double-layer on

account of the surface excess of RN’ cations.
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The approach to low apparent limiting currents below the
inflexion region up to n = 0.10 V cannot, it is believed, be due
to onset of recombination contreol in this case because the
approaches to apparent limiting currents over this potential
range depend markedly on the size of the RN* cation. Rather,
therefore, the behaviour up to % = 0.10 V should be attributed
to a "double-layer" effect associated with onset of desorption
of the specifically adsorbed cations. Beyond n = 0.10 V, at
more positive potentials, the Tafel ~urves proceed in a more
normal way, approaching a common, true limiting current of ca.
10" A cm?. Comparison with superimposed Tafel curves for the
polarization of preoxidized Pt (conditions exhibited) in aqueous

NaBr medium (3600 rpm) is shown in Fig. 4S.

5.4. Use of the Potential Relaxation Method ("Potential Decay™)

for Investigation of the Adsorbed Br' Intermediates

An important section of the present work involved
application of non-steady-state methods (chapter 4, potential
relaxation and impedance spectroscopy), to the investigation of
the behaviour and participation of the adsorbed intermediates,
Br' and Br, (see reaction steps I and IV), and their relation to
the overall mechanisms of the anodic bromine formation reaction.

The principle of the so-called potential relaxation or
"potential decay" method as a means for studying electrode

processes was first discussed by Butler and Armstrong [91] in
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terms of self-discharge of the ionic double-layer capacitance.
The mathematical treatment of results from this method was
outlined in 3.7.4.

Developments were made subsequently by Morley and Weimore
[(92], Anderson and Eyring (93] and later authors, for example,
Lukovstev and Temerin [94]; Conway and Bourgault {953] examined
the theoretical significance of results obtained from the
potential decay method, especially for the case of potential-
dependent pseudocapacitance in the 0,~evolution reaction at
nickel oxide electrodes, involving OH and O intermediates at the
oxide interface.

Open-circuit potential-relaxation measurements were
employed to derive the adsorption pseudocapacitance associated
with Br' coverage as a function of overpotential in the B,
formation reaction at both the reduced and pre-oxidized Pt
electrode surfaces. The decay curves are based on at least one
thousand points recorded by means of the digital oscilloscope,
and provide the following information, according to the analysis
given in 4.2.3):

(a) 7(t) vs log t plots (Fig. 46); various curves were derived
from data recorded from different initial overpotentials

(and corresponding currents);

(b} corresponding n(t) ¥s log (-an/dat) plots (Fig. 47);
(c) the capacitance C(3) ¥s 7(t) plots (Figs. 48);
(d) Log C vs 7(t) plots (Fig. 49).

As in previous papers [63,65,71], information on the
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Fig. 47. Potential decay plot (7 ¥s log(-dp/dt)] correspondmg
to the respective potential relaxation curves in Fig.
46 (left-hand family, freshly reduced surfaces; right-
hand family, pre-oxidized — ~ 3 monolayer oxide
surfaces)
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Fig. 48. Interfacial pseudo-capacitance vs 7 derived from the

potential relaxation transients in Fig. 46 (top
curves, freshly reduced Pt; curves at the bottom, pre-

oxidized Pt)

166



LOG(CRP./mF Per.cm.sqg)

1 M NaBr/0.1 M HCIO,

2.5@ T T T
2.88 | 4
%;;;S
<
1 . 58 - X B
?’"u
1.08 - ,'.‘ “.‘.;\q?ra?n\-“- o
.58 g .
] N : 1
6.82 g 5 I 15 ¥ 25
OVERPOTENTIAL/YV
Fig. 49. Log C vs 3 plots corresponding to the respective

curves in Fig. 48 (top curves, freshly reduced Pt;
curves at the bottom, pre-oxidized Pt)
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pseudocapacitance €, [= dp (s /dn) here] is obtained by

processing digitally acquired data from potential relaxation
transients, following current interruption, according to egn.
(25) where the r.h.s. is the Tafel function in exp form in terms
of the exchange current-density, i, and the transfer
coefficient, a. If C is constant, which is not usually the case
for processes involving chemisorption, egn. (25), -C(dp/dt) =
i, exp(anF/RT], integrates to a log form in t+r, an integration
constant. Correspondingly, a plot can be made according to (cf.
eqn. 29)

In(-dp/dt) = 1ln i,/C + anF/RT (88)
which follows a Tafel-like relation in % wnich is linear if C is
constant with potential which, as noted above, is usually not
the case experimentally.

Comparisons were made of the potential relaxation
transients, taken from various initial overpotentials, at
freshly reduced and at pre-oxidized Pt electrodes, as shown in
Fig. 46 on the same scales. The relatively flat run-in on the
n vs log t curves at short times is well understood [68] and
arises on account of the role of the integration constant 7
arising in 7 = a' - b log(t + 1) (cf. egn. 26 in chapter 4).
Adjusted plots to a fitted single value of 7, are then linearly
logarithmic in the quantity t + 7. Various curves vere recorded
from different initial overpotentials and all merge towards a
single curve after relatively long times (t -+ 1 s), as they

should if the same process is occurring at all potentials.
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The corresponding plots of 5 vs log(-dp/dt), according to
eqn. (88) are shown in Fig. 47. The fall of potential at the
pre-oxidized electrode is more rapid than at the freshly reduced
one, corresponriding to the Tafel relations at these two surfaces
and the differences of capacitance or 71 values.

The shapes of the 3(t) vs log (-dp/dt) plots are similar to
those of the n vs log i (Tafel) plots, some approach to limiting
dn/dt values being attained at high potentials corresponding to
the approaches to limiting currents in the Tafel curves. The
slopes of the linear parts of the 7 vs log t and n vs
log (-dy/dt) plots are equal, but of opposite sign.

The apparent interfacial capacitances derived from the
potential relaxation data are shown in Fig. 48 and 4% (on a log
scale) as a function of 7.

The general forms of these relations for the reduced and
pre-oxidized surfaces are surprisingly similar but generally the
capacitance values at the preoxidized surfaces are substantially
smaller than those at the "reduced" Pt surfaces due presumably
to the diminished tendency for chemisorption of Br’' or Br, at
already oxidized surfaces. Large capacitances, which must be
due to the Br pseudocapacitance (values of which are quite
large, cf. Table 10 in section 5.5), are observed within about
30 mV of the reversible potential but decline, in the usually
observed way [65,67,71], towards the double-layer capacitance at
higher overpotentials. No maximum in C is indicated in the way

that is exhibited by H or OH pseudocapacitance in the HER or OER

le9



reactions at Pt, Ni or Co. Whether or not a maximum is =een
above the reversible potential depends on the ratioc k;/k, for

step I in relation to k,/k, [91].

5.5, Experimental and Simulated A.C., Impedance Behaviour
1, Atthe "R " Pt Electrode

Historically, the use of a.c. techniques [921] in
electrochemistry has been mainly for impedance measurements of
the differential double-layer capacity at polarized electrodes
(35]. Typical C, values, thus found, are in the range 18—40 uF
cm?, However, complementarily, especially in more recent years,
impedance studies have been directed towards kinetic-type
measurements and electrosorption experiments.

The background and principles of application of a.c.
impedance methods to the study of electrode processes have been
treated in chapter 4 (section 4.4).

In this section of the present work, impedance spectroscopy
measurements have been made on the Br, formation reaction at a)
the "reduced" Pt electrode and b) at preoxidized ones, as in the
other types of experiments conducted and described earlier.

We first show the simpler behaviour observed where single
semicircles in complex-plane plots arise, as in Fig. 50 for the
"reduced" Pt electrode in 0.9 M/0.1 M HBr for polarization

overpotentials of 60, 70, 80, 90 and 100 mV; the solution

resistances are all R, ® 5 fi‘cm’ for NaBr/0.1 M HBr while the
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Fig. 50. Complex-plane a.c. impedance plot for the Br,
reaction from 0.9 M NaBr/0.1 M HBr at Pt showing a
series of single semicircles with increasing
polarization overpotentials of 60, 70, 80, 90
and 100 mv
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charge-transfer resistance depends on the polarization
overpotential, as expected. The faradaic resistances (the high
to the low-frequency intercepts on the Z' axis of Fig. 50, in
relation to Tafel slopes) increase with decreasing 7%, as
expected.

When the polarization is increased to 5 = 250 mV, but with
(Br'] increased to 2.5 M to avoid onset of diffusion control
since the Tafel measurements indicate that substantial d.c.
currents then pass, i.e. the a.c. modulation takes place on a
substantial continuous d.c. current, two somewhat distorted
semicircles (Fig. 51) arise suggesting the role of pseudo-
capacitance associated presumably with significant coverage by
the Br’ intermediate (reaction step IIb) being involved in the
overall reaction mechanism.

In the possible reaction schemes ocutlined earlier (section
5.1), steps involving the tribromide ion, Br;, and a
corresponding Br, intermediate were recognized, conjugate to
steps involving the corresponding monomaric species. In regard
to participation of the tribromide species, it is interesting
that Figs. 52 a and b (for fresh Br solutions) show three
semicircles in the complex~plane plot at polarization
overpotentials of 150 and 200 mV, respectively. At such
overpotentials, Br, formation is occurring at appreciable rates
(ca. 7x10? A cw?; see Fig. 34), so, with Bry in solution, Bry
species will tend to be formed at the surface,. This suggests

that the third semicircle (low frequency end) may be associated
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Fig. 51. Complex-plane a.c. impedance plot for the Br, reaction
from 2.5 M NaBr/0.1 M HClo, at Pt solution showing two
semicircles at a polarization overpotential of 250 mV
(solid line—simulation curve)
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with involvement of the tribromide species. In fact, the third
semicircles in both Figs. 52 a and b start off (towards lower
frequencies) with an approximately 45° line that then passes
into a r.h.s. part of a semicircle. This suggests participation
of a diffusion process. Since the latter cannot be due to Br’
transfer (since it is not seen under other conditions and Figs.
52 a and b are for 2.5 M Br solutions), these results suggest
that the third semicircles are associated with the production
and participation of a "Br," species, that is diffusing away from
the electrode surface.

A special experiment was conducted to test this hypothesis,
as follows. Fresh-solution conditions were set up; then 0.05 M
Br, was added to give a concentration as Bry of 0.02 M in
solution. The impedance spectrum, plotted in the complex-plane
then exhibited three semicircles, as in Figs. 52 a and b. 1In
fact, the third semicircle was then more fully developed, Fig.
53.

It is significant that in the presence of the added Br, the
faradaic resistance intercepts (Fig. 53) are larger than for
corresponding experiments in the absence of added Br,. This
suggests that Br, has an inhibiting effect on Br discharge or a
self-inhibiting effect in discharge of Bry which results from the

presence of Br, at the electrode surface.
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Simulation from Circuit B (see Fig. 54b)
=(2X3.,14xFfxR)
f is the frequency at the maxima of each

semicircile.
R,=0.50 R,=301 R;=13.50
£f,=1000Hz £,=10Hz f;=1Hz
Cy=32uFcm? Cp=0.005Fcm? ¢, .=0.01Fcm?
-10 n

1
0 10 20
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Fig. 53. Complex-plane a.c. impedance plot for the grzfreactlon
from 2.5 M NaBr/0.1 M HClO, at Pt with addition of
0.05 M Br, at a polarization overpotential 150 mV,
exhibiting three semicircles, demonst?atlng.that
adsorbed Br; is involved (solid line—simulation curve)

176



5.5.2. Equivalent Circuit Simulation of the Kinetics and Mechanism of the

Br, Formation Reaction, Taking into Account of the Role of
Br_and Br; Species

It was already mentioned how the electrochemical behaviour
of the electrode interface can be represented conveniently by
the electrical behaviour of a network of equivalent circuit
elements. Figs. 8 and 9 showed the simple equivalent circuit
(Fig. 8) and Armstrong's equivalent circuit (Fig. 9), taking
into account the additional adsorption capacitance, C,, related
to C,.

One of the main experimental directions of the present work
on bromine formation was to make a.c. impedance measurements in
order to characterize the role of the adsorption behaviour of
the supposed two intermediates, Br' and Br,, in the Br, formation
reaction (step I and step IVa in 5.1).

The complexity of the possible reaction schemes for Br,
formation, taking into account participation of both Br® and Bry
ion reactants, and the role of adsorbed Br and Brj
intermediates, leads to some corresponding complications in the
equivalent-circuit representation of the electrical response of
the reaction.

Two configurations of equivalent circuit were considered
for representing the experimental frequency-response behaviour
observed experimentally and for general examination of the

properties of the circuit by computer simulation.
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The first circuit, A (Fig. 54a) represents the Br, formation
reaction in terms of two parallel discharge reactions of Br® and
Br, (faradaic resistances R, and R;), producing respective
intermediates Br’ and Bry exhibiting respective
pseudocapacitances and resistances (R, and R,} for desorption as
Br,. This sequence implies that some Br, has already been formed
in solution, giving Bry.

The second circuit, B (Fig. 54b) 1is based on the
supposition that Br' has to be formed prior to Br;, rather than
Br, being formed independently from Br; ion, already present and
derived from electro-generated Br,, in a parallel step, as in
circuit A. Thus, there corresponds a mechanistic difference
between the significance of circuits A and B.

The total impedance of circuit B, including effects
associated with the adsorbed Br' and Br; in Fig. 54b, can be

represented by a scheme of reciprocal admittances:

Z- 1 (89)
1 .
. +HjwC,
R+
. 1
JQC;£+ 7
R2+
. 1
]mq.w—
"R
Let
A =1 - &[CyCpsRiRy + Cy(Cpp+Cpsy) RiR;
+ (Cq + Cpy) CppRoRs] (90)
and
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Fig. 54a. Equivalent circuit "A" for parallel Br’ and Bry
discharge processes
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Fig. 54b. New equivalent circuit "B" proposed for the
bromine formation process, to include the role
of adsorbed Br' and Br; intermediates
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B = @[w'CyCp Cons RiF:R;+Cy (R, + R; + Ry)

+ Cpy (R, + Ry} + CpayRy) (91)

Then rationalizing egqn. (89), Z' and 2" are

where
(1)
(ii)

(iii)

(iv)

v)

(vi)

AR, + R, + Ry - °C, .C, RRR)

= 92
g (92)
e a2
o - BR +R, + R, - @ CP&.Cph.R‘Rst) 3
A? + B?
R, = the electron-transfer faradaic resistance;

R, = the resistance associated with discharge of the
adsorbed Br' intermediate;

R; = the resistance associated with discharge of the
adsorbed Br; intermediate;

Cy = the double-layer capacitance, the magnitude of which
depends on the area of the electrode and on the
electrolytes present (it is normally [62] about 18 pF cm’
in aqueous solution). However, the adsorption-desorption
of anions can have a major influence on the magnitude of
the double-layer capacitance which may be > 40 uF cm? for
such conditions at positively charged electrode surfaces.
C,(Bxr’) = the pseudocapacitance associated with adsorption
of the Br' intermediate at the electrode;

C,(Br;) = the pseudocapacitance associated with adsorption
of the Br; intermediate at the electrode.
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Simulation values for the C,, C,(Br’) and C,(Br;) components
are initially estimated taking C4 = (27R,f;)", C,(Br’) = (27R,f;)",
and C,(Bry) = (2@R;f;)"!, where £, f;, and f; are the characteristic
frequencies corresponding to the maximum imaginary (2")
component in each semicircle of the resolved complex-plane plot.

A solution resistance R, also usually arises and depends on
cell geometry and on the nature and conductance of the
electrolytes present; it may be sufficiently small that it can
be neglected (< 5 1), but its wvalue depends on electrolyte
concentration and temperature. In the present work involving
formation of Br,, it is possible that an additional film
resistance due to liquid Br, formation at the electrode interface
arises but this will be in series with the solution resistance
and hence not distinguishable.

While the simple (Fig. 8) and more complex (Armstrong, Fig.
9} equivalent circuits will give rise to a freguency response
represented in complex-plane (2" vs Z') plots by one and two
semi-circles, respectively (based on the equivalent circuit B,
Fig. 54b, and egns. 92 and 93) a three semi-circle complex-plane
plot can be obtained over a frequency range between 0.01 to
65,000 Hz, for the new equivalent circuit (B) representing the
roles of chemisorbed, electroactive Br' and Br, species.

In order to make a more extended comparison of the
frequency response of the two kinds of equivalent circuits,
simulations of the Z" vs Z' relations were made for several sets

of ¢ and R values (Table 10). The corresponding frequency-
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response behaviours in the form of complex-plane, phase-angle
and Bode plots are shown in Figs. 55—59. Three semicircles can
be recorded for conditions A, and B,,, an intermediate case of one
recorded and two overlapping for one different value in A, and
A,,, becoming only two semicircles when C,(Br’) was 0.3 F (parallel
CR combination, Fig. 57), or also when C,(Br;) = 0.003 F (Fig.

58). Two semicircles arose also for the series circuit shown in

Fig. 59.

TABLE 10. C and R Values for Simulations of the 2" ys 2!
Relations for Circuits A (Fig. 54a) and B (Fig. 54b)

P Conditions | A,— B,— By — A;— B, —
Fig.55 Fig.56 Fig.57 | Fig.58 Fig.59
CylF 2x107 2x10° 2x1073 2x107 2x107
C,(Br’) /F 3.52x10° | 6.733%x107 | 0.3 3.52x10° | 0.474
| c,(Bx;) /P | 0.20812 0.58611 0.20812 | 0.003 0.728
| R, /0 4.6145 3.3333 4.6145 | 4.6145 3.3333
R,/0 12.006 3.8505 12.006 | 12.006 8.3806
R;/0l 13.019 8.2008 13.019 | 13.019 3.67
| R0 108.61 108.61 | 108.61

It is clear from these simulation calculations that either
three or two semicircles can arise with either of the
multielement circuits over the frequency range 0.01 to 100,000
rad s, depending on the relative values of the reaction C and
R components, for a given value of the double-layer capacitance,

taken here as 20 uF cm? for all cases. The phase-angle plots as

f(log[frequency]) show corresponding distinguishable peaks at
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Fig. 55.

1
2

Log
| 21

-2 {

-90

Angle
(deq)

-5

requency  (He)
07¢10°' 109 10" 102 107 10°

r—vﬂu--‘- T T NTIE e YRR TR YR TS ey T AR YT Py

-M.ma“_m_ﬂ.;.ud__._;.u_._LuMM--
1071 10% 10! 102 103 10¢ 108
w {radians/sec)

Frequency (Hz)

10‘?10“100 10! 102 103 104

LRI L L L L L

1071 10% 10! 102 10® 104 105
w {radians/sec)

Simulation of impedance behaviour of equivalent
circuit A (Fig. 54a) under conditions A,, (Table 10}

184



2

Log

-15

| ZI

-2

1
-90

Angle

Fig. 56.

(deq)

-5

Freguency L)

1074 1071 10% 10! j0¢ 10t g0
A A LA

wesy oy v e

% % e ureny

——

1071 10° 10! 102 103 10* 0%
w {radians/sec)

Frequency (Hz)

0721071 10° 10! 10? 107 10%
ihAdes b dnhilic tanie il S e L1 iR LI L T ey
M amaan ,..A‘..u-aﬁ.‘.m..l‘_.d N

10°1 10° 10! 102 103 104 109

W (radians/sec)

Simulation of impedance behaviour of equivalent

circuit B (Fig. 54b) under

185

conditions B,, (Table 10)

FLEIT BPArTYY




5]

Fig. 57.

' Prequency (its)
10°“ 107! 10 10' 10° 10* 10

&
Log f—___. ... .
121 F

b

"2 Ll e usmamd o osassaad aca assenl o cosdaband e sasmd ik ddbeed b e and
10°' 10° 10' 102 10? 104 10°
w [radians/sec)

Freguency (Hz)
1072 1071 10° 10! 102 103 104
_90 . - hia | bin | hiebkies BENL B Ak |

Angle
(deg)

T 371 1 1T 11T+ 7§ 1 11

0.‘1 %/..4 sl

1071 10° 10! 102 103 10% 10°
w [radians/sec)

Simulation of impedance behaviour of equivalent
circuit A (Fig. 54a) under conditions A, (Table 10)

186



-15

2

L.og

| 2

-2

-390

Angle

Fig. 58.

(deg)

0

10ﬁ?10

Frequency  (He)
Y10% 10t 10" 0t 0!

-

LETRLE

T 171 7 1

asasad il il i Laesved_ & vansend. a.sssnted 4 daa
1071 10° 10! 10% 103 10% 108
. w (radians/sec)

Frequency ({Hz)

1072 1071 10° 10' 102 10? 10

mmanaat s s et e B L S R A R e e R L e e

[ B L L L LR L

i sad ks yacaml s sasbend. s.eaed

10°Y 10% 10! 10® 103 101 109
w (radians/sec)

Simulation of impedance behaviour of equivalent
circuit A (Fig. 54a) under conditions A, (Table 10)

187



Fig. 59.
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the critical frequencies.

These simulation results therefore help to rationalize the
relationship between the several types of complex-plane plots
encountered experimentally and presented in Figs. 50, 51 and 52,
in particular the origin of two semicircles under some
conditions and three under others, depending on overpotential
(hence the value of charge-transfer resistance) and/or presence
of molecular Br, ir solution which can change the applicable
equivalent circuit, A or B, from that of Fig. 54a to that of
Fig. 54b.

The low or zero freguency limit behaviour of circuit A
components (assuming zero solution resistance in series)
corresponds to the parallel combination of R, + R, in series,
together with R, + R, also in weries. The limiting (w = 0) real
component, 2', of the impedance is then given by:

i: 1 + 1
Z R +R, Ry+R

_ R, + R) + (R, + R)
R, + R)(R, + R)

- RR; + RR, + R,R, +RR, (94)

TR

or
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Z' = Y RIRR; + RR, + RR; + RR) (95)

i.e. Z' is not determined in the zero-frequency limit, by IR or
successive intercepts of the sums of individual R values (as for
circuit B; see below) but by quotients involving products cof the
different R values, as seen from the equation above.

On the other hand, the zero-frequency limit behaviour for
circuit B is seen directly, by inspection, to be:

Z' = R, + R, + Ry (96)
from which is anticipated three semicircles with respective R
intercepts on the 2' axis as frequency decreases, as is in fact
indicated from Fig. 55. Here the respective intercepts are
equal to the successive sums of the R values, with R, agzin
assumed to be negligible.

The overall frequency-response behaviour of the two
circuits can be evaluated by computer simulation. The results
are compared in the series of complex-plane, phase angle and
Bode plots shown in Figs. 55—59 for selected and indicated
values of the C and R components (Table 10).

It is clear from the simulation calculations, but not
immediately obvious, that both equivalent circuits can give rise
to three semicircles in the complex-plane Z" vs 2' plots, as
seen from the Figs. 55 and 56. This is an interesting result
but not an altogether fortunate one from the point of view of
distinguishing the possible mechanisms involving mono-, and

tribromide species.

190



It is to be noted, however, that intuitively, in relation
toc the physical situation at the electrode, there is a
difference to be anticipated between the behaviour of the
electrode and the reactions at it when Br, has already been
formed there and the case of a fresh electrode in a fresh
solution where no Br, has yet been formed. This is really the
essence of the difference between the two representations in

circuits A and B of the reaction step sequences.

5.5.3. Role of Diffusion Effects

When diffusional effects are significant they can also be
distinguished by the linear relations that then arise between 2'
and 2" for various (usually low) frequencies with a phase-angle
of 45°, arising from the so-called Warburg impedance component

(see section 4.4 and below).

Fig. 60 shows such a plot for the bromine reaction at a low

overpotential exhibiting a low-frequency linear tail at ca. 45°

to the Z' axis, typical for a process coupled with diffusion
which gives rise to a diffusion Warburg impedance, Z,; however,

in the low frequency region, the relation of 2" to Z' departs
somewhat from the expected 45° slope so that some participation
of an adsorption effect may also be indicated. Note that the
behaviour in Fig. 60 is for a low overpotential of only 10 mV.
The result here is similar to that of Cooper and Parsons [52]
referred to in chapter 1. Since a diffusion process was then

indicated, it was of interest to examine the effect of electrode
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Fig. 60. Complex-plane a.c. impedance plot for the Br,
reaction from 2.5 M NaBr/0.1 M HClo, at Pt showing
a Warburg diffusion effect accompanied by adsorption
at a polarization overpotential of 10 mV,
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rotation on the complex-plane plot. This is shown in Fig. 6la
for two, low rotation rates at the rotating Pt disc electrode.
Up to 240 r.p.m. the two curves shown are almost superimposible
and both exhibit long Warburg tails down to low w's. However,
upon increasing the rotation rate to 2400 r.p.m. (Fig. 61b) the
tail is not observed but the low-frequency Faradaic resistance
intercept is about the same as in Fig. 6la. This comparison
clearly indicates that whatever diffusion effect is arising, it
is eliminated from the frequency response by sufficient mass
transport in the solution. Since the limiting currents observed
in the d.c. Tafel polarization experiments were not associated
with diffusion effects above a rotation rate of ca. 1200 rpm and
did not exhibit the dependence on rotation rate characteristic
of reactant diffusion, it seems that the effect observed in
Figs. 61 a and b should be attributed to diffusion of Br; or Bry
away from the electrode surface rather than to Br- diffusing to
the electrode.

It is puzzling why diffusion effects are observed only at
low overpotentials; thus, no Warburg low-frequency tails are
observed for polarizations at higher overpctentials, e.g. 100,
150, 250 mV.

A further set of experiments on the role of diffusion
effects related to the supposed role of electrogenerated Br,,
leading to formation of tribromide, species at or near the
electrode surface, was conducted at a rotated disc Pt electrode.

The effect of added Br, at the RDE was also examined. The
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electrode was polarized at 150, 200 or 250 mV.

Figs. 62—64 show the complex-plane plots, 2" vs 2', at such
a Pt RDE for a rotation rate of 2400 rpm in 5 M NaBr/0.1 M HClQ,
(Because of irregularities arising from the mechanical rotation,
the quality of these impedance plots is not at all so good as
that for the stationary electrodes, shown earlier). It is
important to note here that the third semicircle does not appear
in this case, even for potentials up to 250 V. This
demonstrates, it is suggested, the effective absence of Br, or
Bry; at the electrode as the rotation spins away the electro-
generated molecular bromine from the surface of the electrode as
soon as it is formed. Even for addition of 0.1 M Br, (Fig. 65)
to a fresh Br  solution at the rotated electrode, the third
semicircle does not appear. However, the fact that two
semicircles still arise, demonstrates that Br adsorption remains
significant and arises in a way dependent on the polarization
overpotential (Figs. 62—65), as found also for the stationary
electrodes.

These results appear to confirm, at least gualitatively,
the conclusions from the complex-plane plots and thus that
involvement of tribromide species can be important in the
kinetics and surface electrochemistry of the bromine reaction at
Pt under certain conditions.

Comparatively, with the anodic Cl, reaction, it is to be
noted that complex-plane plots of the impedance behaviour of the

latter process show only two semicircles yet the reaction steps
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Fig. 62,

Complex-plane a.c. impedance plot for Br,
formation from 5 M fresh NaBr in 0.1 M HC1O,
at a polarization overpotential 150 mV at the
Pt RDE (rotation rate: 2400 rpm)
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Fig. 63. Complex-plane a.c. impedance plot for Br,
formation from 5 M fresh NaBr in 0.1 M HClO,

at a polarization overpotential 200 mV at the
Pt RDE {(rotation rate: 2400 rpm),
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Fig. 4.

Complex-plane a.c. impedance plot for Br,
formation from a 5 M NaBr/0.1 M HCl0, solution
at a polarization overpotential 250 mV at the
Pt RDE (Rotation rate: 2400 rpm)
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Fig. 65.

Complex-plane a.c. impedance plot for Br,
formation from a 5 M NaBr/0.1 M HClO, with
addition of 0.1 M Br, at a peolarization
overpotential 150 mV at the Pt RDE
(Rotation rate: 2400 rpm),
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are formally similar to those of the Br, reaction but with the
important exception that a corresponding Cl; species is not
involved under normal conditions. This comparison therefore
gives significant indirect supporting evidence for the
involvement of "Br;" species in the case of Br, formation as

argued from the nature of the impedance results for the latter

casse.
lati Im nce Behaviour Involving the
Adsorbed Species at Preoxidized Pt Electrodes

Normally, it would be expected that as i - ij,, 0 - 1.
Actually, the experimental 0. is < 0.1 for experiments involving
relatively 1long times of polarization. This can only be
rationalized for the oxide-covered surface if recombination is
taking place only on active centres or active areas on the
oxide-covered surface that therefore represent a srhall fraction
of the apparent overall available area of the electrode. On the
"reduced" electrode, however, apparent 6#,. values do approach
unity. In the presence of some co-deposited OH or O species,
lower limits are attained depending on the co=-coverage by the
competitively formed oxide.

The a.c. results also reveal some important indirect
information on the behaviour of the adsorbed species. Figs.
66—68 show the a.c. complex-plane plots, Z" wvs 2', for the
preoxidized Pt electrode polarized at 150 mV in 2.5 M NaBr/0.1

M HC1l0, solutions (Fig. 66—fresh Br" solution, Fig. 67—used B>’
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Complex-plane a.c. impedance plot for Br,
formation from a 2.5 M (fresh) NaBr in 0.1 M HClO,
at a polarization overpotential 150 mV at the
preoxidized Pt electrode.
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Complex-plane a.c. impedance plot for Br,
formation from a 2.5 M (used) NaBr in 0.1 M HClO,

at a polarization overpotential 150 mV at the
preoxidized Pt electrode .
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Fig. 68. Complex-plane a.c. impedance plot for Br,
formation from a 2.5 M NaBr in 0.1 M HClO, at a
polarization overpotential 150 mv at the

preoxidized Pt electrode with addition of 0.05 M
Br, .
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solution which contains Br,, Fig. 68—Br, was added in 0.05 M Br’
solution). The Br, and/or Bry inhibit(s) the reaction step I so
that the reaction rate ({current) is smaller for the solution
with Br, initially than that for the fresh Br  solution.
Therefore, the faradaic resistance is increased in Fig. 67 and
68 (cf. Fig. 51 and 53) compared to Fig. 66 (cf. Fig. 52a) at
the same polarization overpotential. Only single semicircles
were observed at the preoxidized Pt electrodes (Figs. 66—68)
indicating that no effects arise (second/third semicircles) due
to chemisorption of Br or Br, at significant coverages. This
again reflects the situation that, at the preoxidized Pt,
adsorptive affinities are already satisfied by bonding with OH/O

species.

The study of the kinetics and mechanisms of the anodic
bromine formation reaction has indicated the importance of
adsorbed Br- ion and, quantitatively, the role of the adsorbed Br’
intermediate. The latter is predominantly desorbed by the
recombination mechanism in the kinetics. Also, it is shown that
a tribromide adsorbed intermediate Br, is involved, which
explains the origin and significance of the third semicircle in
the a.c. impedance complex-plane plots.

The adsorption of both bromide and tribromide, and

corresponding intermediates, is shown to be of major

204



significance in the mechanism of the reaction as indicated by
the cyclic voltammetry and the Tafel polarization behaviour, as
well as by the potential decay measurements. Even in very
dilute agueous bromide solutions, Br  adsorption begins
significantly to block the otherwise distinguishable stages of
surface oxidation at Pt anodes as observed in the cyclic
voltammetry experiments, and thus to modify the Pt surface for
electrocatalysis and adsorption in the Br, generation reaction
itself.

The Tafel relations observed under various conditions are
curved, with clear approaches towards limiting currents of the
type well known to be characteristic of a "“recombination-
controclled"” or a diffusion-limited overall reaction. This
conclusion also applies to the results obtained at "“pre-
oxidized" Pt electrodes where Br /JOH, O competitive adsorption
cannot arise.

By means of experiments at the Pt rotated disc electrode,
it is shown that these observed approaches to limiting currents
as 7 is increased are not due to onset of diffusion limitation
in Br  transfer to the electrode. They are not due either to
WiR" effects at high i wvalues, as all such curved Tafel
relations arise after "iR" corrections have been made.

In addition to above gqualitative indications of
"recombination control", the recombination-type (Volmer-Tafel)
desorption step is shown to be the principal rate-determining

pathway in the overall Br, formation reaction on the basis of
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observed linearity of special, theoretically based kinetic test
equations in i% or i™ for this mechanism, taking account of the
potential dependence of coverage by the intermediate. However,
it is shown that lack of a clear approach to a linear Tafel
relation at low 3's having a slope of RT/2F can be due to a)
significant Br' coverage already at/near the reversible potential
and b) participation of the "back-reaction" at values of 7 < ca.
30 mV. Quantitative calculations support this interpretation.

The three-semicircle complex-plane plots in some of the
a.c. impedance measurements are consistent with two alternative
new equivalent circuits (Figs. 54 a and b) suggested in this
work. In general, bromide and tribromide adsorption has been
found to depend on the applied potential, the durations of the
experiments (related to the extents of Br formation), the
concentration of the bromide solutriz.a, and whether an agqueous or
nonaqueous supporting electrolyte is involved. In the beginning
of the experiment, bromide adsorption and bromine formation are
the two major steps. After more bromine has been formed, the
appreciable formation of Br,; becomes possible, and then
tribromide adsorption becomes significant in the reaction, and
tribromide ion and Br, become involved significantly in the
overall mechanisnm.

In more concentrated solutions, the adsorption becomes more
extensive due to the higher Br- activity and the reciprocal
decrease of water activity but some complications arise in the

experimental measurements at lower polarizations. Above ca. 107
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M and certainly above 0.1 M in Br’, the Br, formation reaction
proceeds virtually on an oxide-free surface, so electrocatalysis
in the reaction is determined by the underlying oxide-free Pt
surface, but one covered extensively by adsorbed Br" ion, in a
partially "charge-transferred" state. The third (low frequency)
semicircles become observable in the impedance complex-plane

plots when relatively high Br  concentrations, around 2.5 M

(aqueous), are used and Br, has been generated significantly

during the course of the polarization e.g. during the impedance

experiments. When the bromide concentration is taken, however,
to 5 M, only two semicircles and/or diffusion (accompanied by
bromine adsorption) are found in the experiments at the Pt RDE.

By means of a special extrapolation procedure [67], the
potential decay method allows the "true" 9., values to be
determined which thereby enables better iR corrections to be
made so that the results are more reliable for the purpose of
evaluation of the true polarization, free of "iR" error, at
various current densities. This extrapolation also allows the
derivative, dgy/dt, at t = 0 to be reliably determined for the
purpose of evaluation of the double-layer capacitance.

In summary, the principal conclusions are:

1) The kinetics of anodic bromine formation reaction are
affected in substantial ways by bromide and tribromide
adsorption, the differences in behaviour at various bromide
concentrations being attributable to the interaction of the

bromide and/or tribromide with the Pt electrode surface.
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2)

3)

4)

5)

6)

7)

8)

As expected, the extent of the Br  adsorption is related to
the bromide ion concentration.

The extents of adsorption of Bxr' as the principal
intermediate in the overall reaction can be evaluated from
the potential decay measurements, as a function of
overpotential.

The Br’ intermediate is desorbed as Br, principally by the
mechanism of catalytic recombination of Br' or Br, species.
That mechanism is quantitatively proven by the applicability
of linear test plots of two kinetic test functions for
recombination contreol, and qualitatively by the observation
of approaches to non-diffusion-controlled limiting currents
in the already "iR" corrected Tafel plots. Aadditionally,
near the reversible potential, at low 3 values, Tafel slopes
approach the value of RT/2F characteristic of "recombination
controlled" kinetics.

In a.c. impedance measurements, when the polarization
overpotential is decreased, a diffusion process becomes
rate-controlling, especially at high bromide concentrations,
without rotation of the Pt RDE.

As a result of formation of the Br, complex ion, bromine is
soluble in bromide electrolytes having sufficiently high
concentrations, and such Br, ions can then be involved in the
mechanisms.

Relations to, and differences from, the analogous Cl,

evolution reaction are noted; two principal differences are:
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a) substantially stronger adsorption of Br- than Cl” at Pt,
and with greater extent of partial charge-transfer and b)
much greater role of the trihalide species (here Br® and Br;)

than in the chloride case.

TONS TO ORIGINAL EARCH

The electrochemical adsorption behaviour of the bromide
anion and the adsorbed Br' intermediate has been extensively
examined in relation to the kinetics and mechanisms of the Br,
formation reaction at Pt.

The present work demonstrates the importance of a
competitive bromide-adsorption blocking effect on the process of
formation of surface oxide at Pt, as found using cyclic
voltammetry. Thus the effective "electrocatalytic surface" on
which Br, is formed is shown to depend on the Br" concentration.

At practical concentrations of reactant Br’, greater than
ca. 0.1 M, the discharge of bromide ion and the process of
bromine formation occurs on an almost completely oxide-free
surface. However, under such conditions, the surface is covered
substantially by chemisorbed bromide ions in an appreciably
charge-transferred state.

The reactant Br  ion is shown to be adsorbed according to

almost "Langmuir" behaviour with an extent of partial charge
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transfer of ca. 0.9 e, in contrast to the behaviour known for Cl°
at Pt. The chemisorption is strong enocugh to prevent any
measurable co-deposition of OH/0 species at Pt above a Br
concentration of ca. 10? M.

A new treatment for the kinetics of discharge of an anion
already chemisorbed with appreciable charge transfer is given
and applied to the case of Br° discharge in the Br,-formation
reaction.

The kinetics of anodic formation of Br, at the platinum
electrode has been studied by Tafel measurements, using a
rotating Pt electrode to eliminate or minimize diffusion
effects, especially involving anodically formed Br, transported
away from the electrode.

In this and other aspects of the experimental work a
digital oscilloscope, main-frame and personal computers, and a
plotter have been used for the data acquisition and plotting of
graphs, using mainly software developed "in house" for the
special purposes of the work, an original contribution arising
in this project.

The approaches to limiting currents observed in the Tafel
relations are shown to arise neither on account of Br  diffusion
and nor because of uncompensated "iR" drop effects. They
therefore are associated kinetically with Br' recombination
control as the preferred pathway and rate-controlling step in
the overall Br, formation process. This is an important

conclusion from the results.
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The role of such a recombination mechanism has been tested
and confirmed by application of two special test-plot procedures
which show that the principal pathway for desorption of Br’, and
resulting Br, formation, is the Br' + Br recombination step.
This rate-limiting step is shown to apply to both "reduced"
(oxide-free) and "preoxidized" Pt anode surfaces but, at the
latter, Br' coverage is smaller. The applicability of the
recombination mechanism is also consistent with the approach to
a Tafel slope of 29 mV near the reversible potential which is
revealed after corrections for the back-reaction current
component are properly nade.

It is shown that results from complementary a.c. impedance
measurements can be represented by two-, and three-semicircle
complex-plane plots; the latter demonstrate the role of the
stable tribromide ion in the Br, formation reaction and the
adsorption of both bromide and tribromide species at the
electrode.

Two new equivalent circuits are proposed for the simulation
of the impedance behaviour in the case of tribromide adsorption,
and their properties are comparatively examined. They are shown
to satisfactorily represent the experimental results obtained by
the a.c. impedance method, including the observation of either
two or three semicircles in the complex-plane plots. The role
of diffusion of electrogenerated molecular Br, from the electrode
into solution has also been considered and experimentally

examined by means of impedance measurements conducted
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comparatively at rotated and stationary Pt electrodes.

The most probable reaction steps for formation of bromine
and tribromide, adsorption of bromide and tribromide, etc. are
suggested and followed by an electrochemical kinetic and
thermodynamic analysis of the data in relation to the

experimental results.
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