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"i; One of ‘the problems of great fundamental interest to electro-

_ chemists and surface scientists interested ih gas/solid interfaces has

been the‘manner in wh1ch the first monolayer of surface oxide or other c
films develops on a meta] substrate For, e]ectrochem1sts this prob]em |
is relevant to cont1nu1ng efforts to understand electrocatalysis, espec1al1y
1n anodIC processes, at - meta1s, and the phenomenon of passivation. The'

f1rst Tayer of e]ectrodepos1ted oxide spec1es is intimately connected w1th

" the depos1t1on processes involved in the formation of second or third

layers before bu1k—pha$e oxide fd%mation sets in. A better understanding

of monolayer deposﬁtion is eeEessary in order to enqble the transition to
bulk phase “from mono1ayer depos1t10n to be understood

The sens1t1ve technique of cyc11c vo]tammetry has been used in
the present work and 1s‘§pec1a11y suited to the investigatipn of the kinetics
and phenomeinoéy of é]ectrodepositfen‘and reduction of surface oxide films

on nob1e metals. Following a brief'intfoductory review, énd.dehoription of

exper1menta1 procedures, the the51s is divided into 6 further chapters

wh1ch cover various aspécts of phenomenology of ‘the résults and specific

d1scuss1on ofemechan1sms ‘of mono]ayer ox1de depos1t10n} growth with time,
i - .

a

l . Some of the work presented in this thesis has been published

- in the first two papers 1isted be]ow, and a number of add1t1ona1 papers

.4

are in preparation.

- 1. The Role of lon Adsorption in Surface g¥1de Formation and

Reduct1on at Nob]e Metals: General Features of the Surface Process.

H. Aﬁgerste1n Kozlowska, B.E. Conway, B. Barnett and J. Mozota; J.
Electroana] Chem.100 (1979) 417

[

2. The.Use of a Minicomputer for Data Collection and Treatment

in_the Study of Electrochemical Surface Processes. J. Mozota, B. Barnett, -
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D Tess:er, B.E. Conway and H. Angerstein- Koz]owska, Analytica Chimica °

Yy

Acta, 1981, Accepted for publication

3. Kinetigs of Transitional Growth in Submonolayer to MultiTayer

Oxidé Film Formation at Au, in preparation
» ) * .

t

4.: Kinetics df Distinguishable Stages in Oxide Film Reduction

at Au, in preparation

-

" 5. App]1cat1on of the Direct Logarithmic Law to Surface Oxide

-~ 1
Depos1tﬂon at Constant Potent1a1, in preparat10n
. [y
* f
- ’ ‘ .
. . - . f \) -
".I . # .
L4 n *
. ¢ -
b . . . &’\_‘_
& '.l
. ] "~
- . L) .: .
. , L', -
) i
. -~
’ N
’ - .
~ .. .
-Il - - - ¢

vA

¥



- - iii--

ACKNOWLEDGEMENTS )

The author w1shes to express s1ncere gratitude to Professor B.E.

‘Conway for 1nva1uab1e discussions and adv1ce throughout this work and

'espec1a1]y during the writing of the thesis. Many thoughtful and stimu-

lating discussions with Professor Conway have been of great influence

and are gratefu]?&oacknow]edged;

A

Special thanks are due to Dr. H, Angerste1n Kozlowska for expert

adv1ce about experimentation and for many contr1but1ons and d1scuss1ons
throuqhout evaluation of. the.results R
~ Spegial thanks are offered t6~Master Glassblower, Mr. Egon

Kristof for construction of electrochemical glassware, to Ms. Eva Szabo

and Mr. PiBrre Langevin for assistance in preparation of diagrams apd to

many friends and colleagues for support and discussions throughout this
work. ‘ '

| The author acknowledges the award of scholarships from the
Association of Professors of the Un1vers1ty of Ottawa and the Noranda

Research Center (the Noranda Research Scho\s ship).

In add1t1on, special thanks a;e‘gxtepded to the author s
\--——
sister-in-law, June, for her patient typing of the thes+s? She didn't

know what she was getting into. ' -
Above all, the author wishes to thank his‘wife, Pat, for her
paqéence encouragement and most of all her self- sacr1f1ce throughout

.Y

this work.



st s P N =

- - Y

o S TABLE OF CONTENTS T o pase
PREFACE ' S | i
ACKNOWLEDGEMENTS iii
TABLE' OF CONTENTS N iv
LIST OF FIGURES h ix
LgbT OF TABLES XV
ABSTRACT cvi i3
CHAPTER 1  GENERAL INTRODUCTION . . : oy
1. The Formation and Reduction of Thin ]

Oxide Films at Noble Metal Electrodes -

2. Background on Oxidation of -Pt and Other - 2

ﬁob]e.Metéls

"

Stayes ih.MonoIayer Oxide Formation :
b)’ Iﬁziced_ggfihtrinsie Heterogeneity Ty
c) Hysteresis in Reduction of Oxide Films 5
d} The Place-Exchange Process™ | 6
e e) Growth Law;'Observed fo;JThin Anodic 8
Oxide Films (Transition to thicker
film grpwth).
) " 1) The Direct Logarithmic Law _ 9
ii) The Inverse lLogarithmic Law " "10
3. Previous Work on O%jdation of Au 14
4. Previous Work on Oxidétion pf_A;z | 21
. Relation to Ion'Effec?s
- 24

5. Aims of Present Work

. ) ‘-;__\‘,

w



A

-V - .
CHAPTER 2  EXPERIMENTAL . ‘ \> o
1. Generé%fﬁﬁaﬁce of Methods ’ _ x.._26
i) Information Available from Potentio- ap s
dynamic Current gé_Potentia] (ivsv) ™
71- Profiles
-~ 2. Choiqe of Condit{ons' - . .35
| 3. The gurity_?rob]em- . 36
i} Water _ . 36
1i) PBre-treatment of Electrodes = 39 -
\ iii) Qleaning Procedures. : 41
iv) " Experimental Cells - ~ a2
4. Solutiions | _ . , ag
5. Electrodes o 46
g—- 6. Types;of Potentia] Programs . 48
f 7. Determ1nat1on of Actual Surface Area of 52
} Au E]ectrodes and Their Coverage by 0
: Spec1§s o .
CHAPTER 3 GENEéAL FEATURES OF i vs V.PROFILES FOR - 5%

DEPOSITION;AND REDUCTION OF O SPECIES ON Au
1. K1net1c Irreversibility in the Exper1menta1 57
Behav1or at Au
2. Features of i vs V Pro}iTes for Au in . 61

Various Electrolytes -/

i) Effects of Traces of Sulfate Ion_ 63
3. General Character1st1cq of the ivsV 66

L.\‘ "
Profiles :

-



A . PAGE -

i)} The Carbo Problem , 82

<
. ii) Saturated Ba(OH), o 84
iii) PReversible Stage(s) in Oxide 91

e

Formatiohn at Au in Alkaline Solution

5. Variation of Oxide Coverage Associated - 95
. ) With Ion Effects
‘ i) Effec;\of End Potential of the 95
. . Cathodic Sweep '
i1) Time Spent on the Positive Side of - 103
the P.Z.C. |
4 07 .
| . Oxide Growth 1 vs V Profijes 107
2. Oxide- Growth V vs t Programs 116 /,‘
"3+ Charge Data From Oxide Growth 118 LT}
" , 4. Kinetics of the Section I (Fig. 4-12) 126
;¥¥ r ' Process- \
' 5:-"Direct“ Logarithmic Oxide~Growth “:. 132 q"
. 6. Phenomenology of Oxide Development: : 138 .
. . The Growth. Curves ‘
- 7. Reduction jn Cathodic i vs V Profiles 143
- After'OE?;e Growth )
f . 8. Discussion of Overall Features.of the 150

N

Processes




o=t ' _A/

‘CHAPTER 5  KINETICS QF REDUCTION OF SURFACE OXIDE AT Au
Y 1. Evaluation of Kinetics of Oxide Reduction
i) Significance of the Oco Reduction
VPeak -
ii) Effects of Various Anion;

iii) Nucleation and Growth

CHAPTER 6  SWEEP -RATE DEPENDENCE OF OXIDE FORMATION
AND REDUCTIQN BEHAVIOR
1. Purposé of Investigations at Various
Sweep Rates
’ 2. Distinguishable States of Electro-
deposited Au Electrodes |
3. General Features
4. Sweep Rate Dependence of Anodic Peaks
5. Sweep Rate Dependence of Qg%hodic Peaks

¥ s
6. Summary :

pHAﬁTER‘7 HIGHER EXTENTS OF dXIDATION AND THE EFFECTS
OF AGING OF—IHE’OXIDE
1. Extents of Oxidation Greater than a
Monolayer

2. Aging of the Oxide
CHAPTER 8 MECHANISMS OF FORMATION. AND REDUCTION OF

ya . OXIDE MONOLAYERS AND SUBMONOLAYERS ON GOLD
' ELECTRODES _

1, Recapitulation of Critical Experimental

~ Results

PAGE

152
164
171

171
172

174
e
174 .
176 .
178

182
193

196
199

203

218

218



~ viii - . PAGE

‘l - - - ﬂ -
2. Chemical Specigs Formed as Oxide 221
i} Role of Ion Coverage Terms in 222

Raté\Equation'éxﬁfegsjons
" 1) Meéhahisms and Equations for Oxide 223
Monolayer Deposition o
+ 3. Place-Exchange Steps Followina 231
Reaction 4) _j__ |
Y Mechanisms for Redqctidﬁ of Oxide 232
5. Origin and Significance of Current 234
Peaks in the i vs V Profiles
i) Role of a Physical Process in 239

Oxide Reductidn

6. Additional Evidence Supporting Ion- 244
h, Assisted Place-Exchange ’
i) Sweep Rate Studies 244
ii) Aging Effects - ' o 247
iii) Temperature Effects 248
iv). Applicability of the Mechanism of 257

Oxide Formation and Reduction to

Other Noble Metals

7. -Mechanisms and Laws for Oxide Growth 251

. 8. Concluding Comment Zb!t

APPENDIX I ‘ . 262
CLAIMS TO ORIGINAL RESEARCH . : 269
REFERENCES' | . | 272



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2-1

2-2

2-3
2-4

2-5

-Schematic designs and set-up of experi-

- }x - .

LIST OF FIGURES

Typical potentiodynamic currént-potentia]

profile at Au in.0.1 M HGI0, at s .
0.020 v's™', T = 208 k.

Electrical circuitry employed in potentio-

dynamic sweep studdies. s

Apparatus for the pyrodistillation of

water,

-

mental cells. . e

Potential-time programs employed in

this work

Potentjodynamic currént-potentia1 profiles

at Au involving a~series of sweep rates in

0.2 M Ba(OH).,; T = 298 K.

) dé:)
Potentiodynamic current-potential-$¥6filks

1

for Auin 0.1 M HC10, at 0.050 V ™' in

4
su]fateffree solution and with traces of

SOi' iqngjpreébnt; T =298 K

Potentiodynamic current-potential profiles

Page No.
28

37

43’

49

60

64

68



Page No.

for Au in 0.05 M H,50, at 0.020 V 57!,

298 K taken to a series of anodic end

potentfgls -~

Y

LY

Fig. 3-4 Potentiodynamic-current—po;entia] profiles 69
. for Au at 0.050 v s'T, 298 K taken to a
series of -anodic end potentials in {a)
v 0.1 M HC]O4 (b) 0.1 M Na2C03 and {c)

- | 0.024 MNaB0, :

Ser%es of potentiodynamic current- : 71
potential profiles for Au in 0.1 M HC]O4

showing deyeTopmentLof several current

peaks for reduction of submonolayer ) o
coverages of oxide; 293 K (a) reversible

reduction M _Om at 200 v.s7'; (b)

groth of oxide at constant potential of '

1.49 v for 1074, 1073, 1072, 5 = y -1,

3

() s =20y 7! (d) growth of oxide at constant 72

1
potential of 1.50 V for 10s, s = 2.0 v s,
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~ - » ‘ e -
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. Fig. 3-16
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-

effect.
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7
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Fig. 4-1

Fig. 4-2

" 1.40 V for varying growth times, t.,

" oxide,

xith, -

periods of time (rh) after completion of -
reduction of oxide previously formed .at

1.33 V. The effects are obserVéd are

L

in the subsequent re-oxidation to 1.33 V T
and subsequeht‘reduction to -0.29 V; ft
in 1.0 M HCI0, s = 200 v s™, 293 K

(a) T, = 10_4 to 1072 s, no effect observed
(b) 7 = 0.1s (¢) v, =15 (d) 7, = | 106

10 s (e) T, = 0, 10 s superimposed.~

-~

ﬁotentiodynamic qgrrentfgotentia1 profiles

1

for Au in 1.0 M HC10, 4t 2.0 V s~ for

4
oxide growth at constant potential of

1.40 V for varying growth times, Tps
showing development of current peaks for.'
reduction of submonolayer coverages of
oxide, 293 K; (a) 1, = 1074, 1073 5;

(b) 7, = 0.0, 0.1, 1.0 s.

Potentiodynamic cdrrent—potentia] profiles

1

for Au-in 1.0 M HC104 at 2.0V s~ for

oxide growtk_at constant potential of

showing development of current peaks for
reduction of submonolayer coverages of . )
’593 Ks-(a) T = 10 s;3 (b) Ty, = . . o~

100 s. | c (
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Fig. 4-3 - Potentiodynamic current-potential 12
4 at

. profi]es‘for Au-in 1.0 M HC10
200V s for oxidé growth at constant
potential of 1.41 V for varying arowth
times, fh’ showing de§e1opment of

- current peaks_for reduction of submono- .

layer coverages of oxide, 293 K; (a)

7, =107, 107, 0.01 and 0.1 53 (b) "
T = ].0‘5. S
. \‘ ’
Fig. 4-3' Eotentiodynamic'current-potentia1 113 /

;—F__,_ profiles for Au in 0.5 M H2

vs! for oxide growth at constant potential

. . R 8
( ° H/F‘E\Ef 1.43 V for varying growth times, T

PR ‘ h’

T\\\\;’ /Lhowing development of current peaks for

" reduction of submonolayer coverages of
4

SO4 at 200

=104 1073 ¢

h
(b) T =+0.01, 0.1 s; {c) T, © 1.0,

— g f" 10 s.
N

’ oxide, 293 K; (a) =

. p -~ ! . .
Fig. 4-5 = . Variation of oxide coverage (as O 115

species) formed on Au in 1.0 M HC]O4

J . and 0.5 M H2504 for oxide growth for

. . 1.0 s at va(ﬁods growth potentials:

Comparishn of results for s = 200 V s "

‘ and s = 2.0V 71, 293 K.

_Fig. 4-6 Variation of oxide coverage (as 0 119/

. species) formed on Au in 1.0 M HC10

R
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at various oxide growth potentials for
* 4

growth periods of 107 s up to 20 s,

298 K, plotted as 0 vs log Ty
Fig. 4-7 Variation of oxide coverage (as 0 _ 120
p— species) formed on Au in 0.1 M HCIO4

at various oxide growth potentials for
growth periods of 104 s up to 20 s, 298 K;

plotted as © vs log Ty
Variation of oxide coverage (as 0 species) 121

3

formed on Au in 107 M HC10, at various

4
oxide growth potentials for growth periods

of 107% s up to 20 s, 298 K; plotted as

@ vs log Ty ‘

.~ Variation of oxide coverage (as 0 species) 122
formed on Au in 0.5 M H,S0, at various
oxide gpﬁwth potentials for growth
periods of 1074 s up to 20 s, 298 K;

plotted as © vs log Ty,
Fig 4-10 Variation of oxide coverage (as 0 species) 123
formed on Au in 0.05 M'HZSO4 at var}ous

oxide growth potentials for growth

4

periods of 107 s up to.20 s, 298 K;

plotted as © vs Tog

h
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Fig. 4-1 Variation of oxide coverage (O-species) s e

fofﬁed'on-Au in 0.2 M Ba(OH)Z'at various _

oxide growth potentials for growth
- periods of 1074 ¢ up to 20 s; 298 K;

plotted as 0 vs log T ' . - .

Fig 4-12 General form of data for coveraaes of 118
. " | '
grown oxide film vs log 7, showing SN )

three distinguishable stages 4f oxide

growth at constant potential.

Fig 4-13 Variatioﬁ of slopes (do/d log rh) . 127
observed in stages II and III of oxide .

growth at constant potenfia] (from

Figs. 4-6 and 4-9) as a function of l 4
. oxide growth potential. (
Fig. 4-14 Plots of log (1 - 0) vs t testing the ‘129

applicability of egn. (413) for electro-
chemically controlled oxide deposition

at comstant potential at Au.

Fig. 4-15 Plots of Log A vs oxide groﬁth notentials 131
using egns. (4-3) ggd (4-5) to determine
Tafel slopes for i—rreversible, electro- - \
o chemically controlled oxide deposition
in Stage I of oxide growth at constant

potential at Au.
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N | (b) T, = 5.0 x 10”

- xvii =

) Pé'ge No. z
Fig. 4-16  Evaluation of Tafel slopausing time oy \\\ 4
- intercept values (to © = 0) for Stage L.a/”“///

IT of oxige gfowth at constant potential

(;t \ at Ay at several potentials, 0.1 M

HC10,.

Fig. 4-17  PotentidYynamic current-potential profiles 140

. for oxide growth at constant potential . -

~/
2504 for

~ various“growth times, T (@) T =
1074, 1073
g

of 1.64 V at Au in 0.5 M H

, 1072, 01, 1.0 and 10 s; .

5 4

, 5.0 x 1077, 5.0 x

3

10 7, 0.05, 0.5 and 5s; (c)

3

h =2.0 x

1077, 2.0 x 1073, 2.0 x 107%, 0.2, 2.00 -+ .

and 20 s. Q (

¥ . .
F1Q§.4r18 Potentiodynamic current-poténtial - 141

.-
0

profilesfor oxide growth at constant
- potentia1-of‘1.39 v at Aufén 0.5 M
) H2804 for'various growtﬁ'times, Ty 3
- (a) T, = 0.1, 1.0 and 10 s; (b) T =
| .0.05, O.ia?nd 5s; (c) T, = 0.2, 2.0 and
20 s. N

-~

Fig. 4-19 Potentiodynamic current-potential profiles ]42‘\\\
for oxide growth at constant potential
of 1.43 V at Au in 0.5 M HZSO4 for-

various growth times, s (@) Ty, =
- - . e
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o . , 0 01, » 1.0 and 10 s; (b) T =
5.0 %10 3 0.05, 0.5 and 5 s; (c) T, =
0.02, 0.2, 2.0 and .20 s.

. . N . /

. ‘ Fig. 4-20 ‘Variation of diagnostic parameters Vp ) 145
and i/s for current peak 0c2 in reductign

\ 1 vs V profiles for oxide grown at

constant potential of 1.39 V at Au in
0.5 M H,S0, foﬂSVar1ous per1ods of time.

3 : Fig. 4-21 Variation of diagnostic parameters VP ' 147
. and i/s for current peak 0C3 in reduction

1 vs V profiles for oxide grown at

constant Potential of 1.39 v at Au in

- 0.5 M H2504 for various periods of time.

Fig. 4~22 Vériation of i/s for current peak 0C3 148.
in reduction i vs V profiles for oxfde
grown at constant potential of 1.64

at Au in 0.5 M H SO4 for varjous perisds

Of diagnostic parameters Vp .14§

\J o

and AVT/Z for current peak 0C3 in
?) : & ‘“ reduction i vs V profiles for oxide -
] _ - grown at constant potential'of 1.64 V
at Au 1n 0.5 M HZSO4 for various .-.

. _ periods of time.
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Fig._5-1 - Cyclic-voltammetry i vs V profiles for 154

Page No.

-

- Au in 0.05 M HZSO4 showing the partial
“reduction of ;xide to 1.191 V, and con-
.tinued reduction after maintaining this

potential for periods of time Ty, = 0.1 s

to20s. s=0.050Vs, 298K "

Fig. 52 Cyclic-voltammetry i vs V\profiles for 155

Ay in 1.0 M HC10, shoging ‘the partial

"reduction of oxide t 1.205\V, and the

effects of reduction\at constant potential
| (1.205 V) for periods o time T, = 0.1 5 to
‘ 50 s as shown in continuat) ﬁgf;zzghiifﬁbpion
. potential sweep. s = 0.050 V 5'1, 98 K
Fig. 5-3 | Variation of oxide coverage (0 species) )“' 157
remaining on Au electrode in 1,0 M HC]O4
after oxide reduction at various constant
potentials from 1.244 V to 1.046 V for

varigus periods of time T
1

h = 0.15 to

~100s. s=0.050Vs ',V,=1,623YV,

1
298 K

ng. 5-4 Variation of oxide coverage (b species) . 158

remaining on Au electrode in 0.05 M H,SO

2774
after oxide reduction at various constant

potentials from 1.253 V to 1.017 V for
various periods of timeé T

s=0.050V s,y

h = 0.15 to 200 s.

= 1.725 v, 298 K
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Plots of log GT iiﬂt te§ting the -applicability 162
of eqn..(5-5) for e1éEtrocheﬁica1]y gg::ro]]ed‘
reduction of oxide at constant potential for
Ocq Current peak in soi' contaminated 1.0 M
H?]O4

<’ B i
Plots of log © (0C3) vs t testing th& applic- 163
ability of eqn. (5-5) for electrochemically

N
controlled yeduction of oxide at constant
potential for OC3 current peak in 0.05 M

H2504

Plots ‘of Log A vs oxide reduction potentials 167
using eqns. (5-5) and (5-8) to determine
Tafel slopes for electrochemically controlled

- oxide reduction in 0., for various solutions
] ' Ca N
Plogs of Log A vs oxide reduction potentials ‘168

usind, egns. (5-5) and (5-8) to determine

TE?ET slopes for electrochemically controlled
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ABSTRACT . -

Linear potential sweeps and the sensitive experimental technique

of cyé%:c -voltammetry have been used to investigate the kinetics and phenam-

e R e ¢ s e st

eno]ogy of electrodeposition and reduction of surface oxide films on gold

" electrodes in monolayer and submonolayer quantities from acid and alkaline
solutions. Special experimental procedures were implemented in order to 1
attain the conditions of high purity shown to be required, but not previously
appreciated, in order to study surface oxidation processes on gold at

very low coverages. : ,/

A series of experiments were performed in order to establish if

.the mafn electrodeposited species at Au is OH or 0 in the initial monolayer.
Kinetic analyses of the results in seQera1.ways indicated that a 2 e~
electrodeposition and reduction of 0 §pec1es is involved so tﬁat the principal
species covering the electrode is 0. .

Even in submoholayer quantities, oxide, as 0 species, is deposited
and reduced in several energy states; information concerning the nature
and- significance of these states has enabled important conclusions regarding
the mechanism of monolayer oxide formation and reduction to be made. The
role of ions of tﬁé eTectrb]yte, especially anions, in determining the
early stages and energies thereof in oxide deposition was found to be
surprisingly impdrtant. In acid solutions, strong specific adsorption of

anions significantly inhibits the onset of oxide deposit%on. It was“?

R Wi 2 " o SR A b A B B« i B i W W st 4 2 AR 4 T L PR S T 400 A ot _‘p_,.

shown that blocking effects of énions which are more strongly adsqrbed%

than the ions of the supporting electrolyte used in the experiments’are

important at concentrations as low as 10~/ to 1078 M

r
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- Moreover, it was found that these anions play an important role
in surfdce oxide deposition processes in (a) establishing energies of an
initial, reVersibly deposited 0 species; {b) promoting place-exchange processes
at Tow fractional covénages (< 0.3) and (c)lcontr011ing thé rate of deposition
of 0 species at intermediate_coverages (0.1 ~ 0.5). Deposjtion of 0 species
up to and beyond monolayer coverages is controlled by non-ion-assisted
place-exchange processes.

The transitiog\from submonolayer, through hono]ayer to multilayer
anodic oxide film growth was studied as é function of time (TO'4 <t <100 s)
and potential, V, {n several solutions. Electrochemically controlied
growth (with Tafel slope of ca 60 mV/decade) can be distinguished at low
V and t, and is represented by 1inear log (1-0) vs t kinetics. Slower
growth in two stages is observed at larger V and t, and proceeds with
linear © vs log t kinetics (the so-called direct Togarithmic growth Taw)
exhibiting clearly distinguishable slopes for the two stages. The growth
process appears to be continuous in natu}e from submonolayer, through
mono1ayer\to multilayer oxide film formation.

+he kinetics of reduction of the three main distinguishable
states of surface oxide that are developed at Au are evaluated using several
different techniques. These states differ on account of th% extent fo
which adsorbed anions are bound adjacent to eiectrodeposited 0 species
and because some species are in a place-exchanged state. Partial reduction
of anodically characterized oxide films to appropriate potentials in a
céthodic sweep, followed by continued reduction at constant potentia]n
revealed that the reduction proceeds, surprisingly, by an irreversible,
electrochemically controlled process for which log © is linearly dependent

on reduction time, t. A Tafel slope of 60 mV/decade was obtained for this

process.
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Transfer coefficients for the distinguishable surface processes
are evaluated from information on the dependence of peak potentials on
Tog [sweep rate, s] derived from 1inear potentia]-sweep'eﬁperiments. The
reduction processes are too irreversible for the ;eversibi1ity parameter,

s, to be evaluated.

o0’
. Mechanistic examination-of the results indicates that a duasi-‘
chemical step, such as reverse place-exchange of 0/Au, does not control
the reduction kinetics nor does reduction involve hole growth following
nucleation of holes. The role of a quasi-chemical step is required to

account for the growth and aging effects observed, and the observed

. . . ¥ .
hysteresis between oxide formation and reduction.
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CHAPTER 1 A
GENERAL INTRODUCTION

1. The Formation and Reduction of Thin Oxide Films at Noble.Metal 4

Electrodes

] The work described in this thesis)?ﬁv lves a comprehensive study
of ‘she e]ecfrpchemica] formation and\cegggiéﬁﬁ/Zf monb]ayers and submono-
layery of oxide at Au in particular and at noble metals in general.

Previously, the nrocesses of formation and reduction of sub-
monolayer coverages of oxide at noble metals through to thicker multilayer
. films, have been studied by various workers, mainly at Pt and to some

extent at Au. In the present ﬁork, attention is directed largely to the °
study of Au for several reasons to be discussed below.

' 1) ‘At Au, the stages of growth and reduction of oxide films
up’ to monolayer coverage can be better resolved than at Pp]'3, especially
by means of Tinear potential sweep amperometry;

+ 2) The surface oxide formation and reduction processes at Au
are more sensitive to anion effects than those at >~ orYother noble
metals, so that work on Au provides a better system for infestigation

~ of these effects.

3) Also, on Au, it is possible to follow the transition from
monolayer to thicker oxide film growth and hence the relation between these
types of processes. ' }\\\\\\\

4) Au, amongst the other noble metals, provides a good examp]é
for evaluation of the general features of the current (i) vs potential (V)
profiles for sufface oxidation, especially the hysteresis between oxide
film formation and reduction processesq’s.

Anodic polarization of Au in acidic solution leads at first to

co ,
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development of a monolayer of surface oxide and, with longer polarization

and/or higher potentials, eventually to multilayer formation of bulk-phase

Au2033’6_9. Various electrochemical and spectroscop%c methods have been

L]

employed in this work. Extensive reviews have become available recent1y3‘6'

8’9. Some of the significant results will be discussed in section 3.
“Generally there is little agreement between varﬁogs workers, even in the
phenomenological behavior of % vs V profiles in c&c]ic-vo]tammetry1o']6.
These divergences of the results probably arise from inadéquate control
-of the history of the electrode, the type of anions in the solution, etc.
The lack of agreement between various workers with respect to their ;e§u1ts
and interpretations of the behavior observed proﬁided one of the main
motivations for the present work. The others were tﬂé opportunity which

Au offers for a sensitiye study of anion effeqté in oxide film formation

and for following the transitiod from monolayer to multilayer film growth.

2. Background on Oxidation of Pt and Other Noble Metals

The stdges of formation and reduct*on of sdrféce oxide films on
Pt have been the subject of many original paper$4’]7'22.ahd'reviews3’§11123.
Some of the main features of the behavior observed at Pt will be summarized
here in so far as they have a beéring on similar processes found at Au. A1l
the noble metals show a potential regidn, prior to eyo]ution of 02, over which
surface oxidation occurs and a more cathodic‘region 5ver which reduction
takes place. Large differences arise, however, {aJ in the potential
range for onset‘of surface oxidation (0.25.V for Rd, 0.35 ﬁ for Ir, 0.75 V.
for Pt and 1.35 V for Au, depending on thg ﬁnion of the e1ectro1y£e and pH)
and (b) in %he'degrge of reversibility with which some fraction of the

\:— .
monolayer is initially deposited and reduced. .Particular details follow.
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(a) Stages in Monolayer Oxide Formation

Between the thermodynamic limits of poteqtial for decomposition
of water to H2 or 02, there can arise at Pt or Au Faradaic surface processes
leading to deposition or desorption of H (in the case of Pt) or oxygen
species (in the case of Pt or Au and other noble metals). In the formation
of the film oxygen species, one of the most interesting features is the
appearance of several distinguishable states below monolayer coverage
which are resolvable in cyclic—yo]tammesry experiments, as win be
deicribed in Chapter 2. The importance of usé of ultra-clean soiutions
in studie; of this kind has peen stressed in recent work from this 1qbora-
tory, e.g. using specially prepared pyrodistilled water3. The significance:‘
of the observed stages of electrodeposition of oxide monolayers at Pt or’
Au has been the subject of a number of papers in recent year524'32r

In particu]ar,’stages of monolayer oxidation corresponding to
formation of successive overlay lattices have been identified and the
extents of reversig} » Tn relation to irreversible, formation of surface
oxide have been distinquished quantitatiye]y3’20h22. For example, at Pt,
almost reversible formation and reduction'of OH spécjes occurs up to
0.9V, EH*, dépending on the anion of the electrolyte, and up to 1.05 V
in alkaline solution. Greater irreversibility sets in when the films have
been sTowly grown at a controlled potentia119T22~6r if they have been
formed at potentials > 0.9 V, EH.
Initially, if has been suggested, OH species are_deposited at

20

. Pt in arrays on the surface®” but at higher coverages and potentials, or

after Tonger times, the submonolayer of OH or 0 species (depending on

* Throughout this thesis, potentials of electrodes are expressed in volts

nn the scale of the hydrogen reference electrode in the same solution and
denoted for convenience by "v, EH". '
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coverage) becomes reconstructed by a place-exchange mechaniszo'22 leading
to irreversibility in the formation and reduction processes.

In the initial stages of oxide formation at Pt up to ca 210
uc'cm’z of anodic charge passed, the electroheposited species are OH; '
these are polar with respect to the underlying Pt atoms so that 1étera1
dipole-dipole repulsions arise across the surface. Thése can be relieved
by a field-assisted place-exchange of OH qroups with immediately under-
1y{ng atoms of the Pt.éubstrate to which they are bound. Such a process
(discussed in more éetail below) results in a more stable, ionically
bonded, two-dimensional surface oxide phase. At higher‘degrees of

(

oxidation of the surface, these place-exchanged species become con

erted
to 0 species ("OHPt — "QPt" T H + e) and some growth of a second lay
begins. This reconstruction of the deposited oxide relieves the dipole-
dipole repulsions and facilitates film growth by stabilizing the oxide
network.

b) Induced vs Intrinsic Heterogeneity

The development of successive overlay lattices below moho1ayer
coverage is believed to be associated with the successive current peaks
observed in the i ys V oxidation profiles. Successive ordered structures
have characteristic free energies which change as coverage increases.
Superimposed on this effect are chaﬁges of state of the oxygen layer
ﬁésuTting from place-exchange’

) This interpretation of the origin of multiple states of chemi-
sorption of OH or 0 species is to be contrasted with other interpretations

in which it is considered that a range of site energies for HZO discharge

, and- chemisorption of oxygen species exists at a metal electrode surface.

[



Thisvjntrinsic heterogeneity of a substrate surface 1is aue to a
distribution of different crystal faces and (especial]y for the higher
_es) the existence of kink and step sites.

Accﬁrdinq]y, attempts to test this interpretation have involved
studjes of gas-phase dissociative chemisorption of 02 or electrochemical

denos1t1on of 0 spec1es on varlous characterized principal index p]anes

’ of s1nq1e -crystals of Pt33 -33 and Au]o 14- ]6. The results obtained

Iby electrochemical studies have been contradlctory (cf refs 10 and 14-16)

/'both1;n terms of the experimental results found and the interpretations

( proposed. This has been, in part, due to the use of 1nadequate1y rigorous

-

\Sond1t1ons of solution pur1f1cat1on

\\ Hubbard recent]y reported LEED experiments on Pt indicating
that an 1n1t1a1 surface reconstruction takes place immediately on exposure
of the surface to HZO but no further changes arise on exposure to electro-
iyte ions, e.q. H+, C104". Thus, the pristine state of a single-crystal |
surface characterized in the gas {vacuum) phase is difffcu]t to maintain.

Additionally, Hubbard38 found that successions of dilute overlay
lattices, e.q. of I, are’ generated on single-crystal planes and Somomm39
demonstrated that heats of chemisorption of small molecules on single-
crystal planes of transition metals may differ by up to 85 kJ mo1'1 from
one ﬁ]ane to another. This observation of. chemisorption in multiple states
of* binding 1ndicatgs that "even a single-crystal plane is heterogeneouys
when viewed by the adsorbed species. Thus,®it is not possible to assign a
unique value for the heat of chemisorption of an adsorbate on a given
transition metal.

c} Hysteresis in Reduction of Oxide Films

-
’,

When formation and reduction of surface oxide is not reversible,

;
4
E
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either "kinetic irreversibility" or "hysteresis" isfjnvo1ved. Kinetic
irreversibility implies that the reduction process is chemically the ‘
reverse of the forward process but that its rate constant is much smaller
than that of the forward-process so that, to échieve significanf reduction
rates, a substantial overpotential is required. In contrast, "hysteresis"
implies that a different pathway is involved in reduction compared with
oxidation, arising because of an irreversible change of state of the oxide
film. Place-exchange is a frequently cited process corresponding to such a
change“of state involved in the electrochemical formation and reduction of
oxide monolayers on noble metals. ~

d) The Place-Exchange Process

A process termed "place-exchange", in which adsorbed oxygen
atoms change places with undér]ying.metaI atoms and aré incorporated into
the substréte, was suggested by Lanyon and Trabneﬂ40 to account for the
initial gas phase oxidation of metals. The process redﬁces the total

energy of adsorbed dipoies (by dipole. reversal) and is confirmed by the

41-45

. observation of chapges of work function durinq'adsorption which depend

on aging and temperature. P]acé—éxchanqe is supported by the work function

46

measurements of Quinn and Roberts4 ,:and Roberts ', and studies of this

47

phenomenon were extended to multifayer film growth by E]ey and Wilkinson
and applied to the initjal stages of metal oxidation by several other
authorsqs'sz. Klemperer has reviewed much of this workqg. .

The role of place-exchange processés in gas phase oxygen adsorption

on metals is therefore quite well dstablighed. On the basis of these
results, it would appear that such\proge§ses are also likely to play an._

important role in anodic oxide film growth, where they are generally less

%

well established, but strongly indicated.
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The hysteresis observed in i vs V profiles for formation and

reduction of O monolayers on Au electrode surfaces, and the logarithmic
decay of anodic currents with time after an anodic sweep is 1nterrupted3’
53’54, suggest that post-electrochemical reconstruction processes
(place-exchange) are occurring, as proposed by several authors in york on

20,21,55,56 57-59

electrochemical oxidation of Pt and Au

As in gas phase oxidatioq, strona polar bonding forces in

oxygén monolayer films\at electrodes-establish surface metal-oxygen dipoles
whose mutual interactions may be changed from repulsive to attractive

ones by the p1acé-exchanqe process. On account of the changgg state of
the deposited O layer, which arises when p]acg-exchande in oiyqen mono]ayér
‘films occurs, continued deposition of OH or O speéies can take place in
excess of what would be thermodynamically determined by the electrosorption
isotherm for OH or O species at that potential. Several authors have

10,59-66

arqued that a physical rearrangefent of this type would be field-

assisted. Thus, place-exchange 'will be assisted not ggiy locally by the
repulsive forces between the metal-oxygen Surface dipoles, but also by
the double-layer field at the electrode interface and local fields of
aQsérbed anions.

'Thé p]ace-exchangg process will be activat%oﬁ-contro]]ed, S0
its rate is expectéd to increase with temperature, at conspant potential.
At a given temperature and potential, this rate should depend on the zero-
field free enerqgy 6f activation for thé process. Although such a quantity
js difficult to evaluate, it should depend on the lattice enerqy of the
particular metal, in addition tq electronegativity diffe;ences affecting

the magnitude of the metal-oxygen surface dipole.

vt e
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Au is a "soft" metal with a much smaller lattice energy
than that of Pt. Thus67; the boi]}ng point of Au is 3080 K, considerably
“lower thaﬁ'that of Pt, 4100 + 100 K, apd the heat of Vaporizatfon of Au
{310 kJ mo]-]) is similarly much lower than-that of Pt (51b kJ mo]'])i
this indicates that place-exchange processés will be kinetically gasier
at Aq than at Pt and should become significant at lower oxyagen coverages
on Au than on Pt. A number of the results obtained in the present work

show this to be the case. -

e) Growth Laws Observed for Thin Anodic Oxide Films (Transition to

thicker film growth)

AT]ImetaIs, except gold, are unstable at room femperature in
contact with 02, and thermodynamically tend to‘form an oxide fi]m7]. At
sufficiently posjtive electrode potentials and in appropriafe solutions,
anodic oxide fi]ﬁgﬂ?orm at most noble metals unless other oxidation reactions,
- such as anodic'dissolution, superSedeGB.

Depending on the metal and the conditions employed for formation
or growth of oxide, .films of less than a monolayer or up to a few thousand
layers of oxide may result, having various physical properties, e.qg.
good or bad conductivity. It has been found that'severa1’types of kinetic
- Taws may deséribe the growth of oxide (in quantity as formation charge q,
coverage é, or thickness, x) as-a function of time, with conformation to
one\Ef these laws usually enabling one or other mechanism of oxide growth
to be assigned, but not always unambiguoﬁs]y.

Various types of growth laws have been extensively reviewed in

48;53-75_ Here only two need be examined in detail. It

the,]iteréture
should be emphasized, however, that the kinetics of formation of a chemi -

sorbed oxide monolayer are usually difficult to distinguish from those for

(
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second or third layer formation.

Growth of thin anodic oxide films usually proceeds according
to {a) the "direct" logarithmic law or (b) the “inverse" logarithmic
law of growth. Damjanovic76 (and others77) has extensively reviewed
“the meéhaniSms 6f oxide film growth and the experimenta] support for

each of these 'laws. ’ o '

i) The Direct Logarithmic Rate Law

When an (anodic) oxide is highly conducting (as at the noble
metals Pt, Ir, Pd and Au®®°78). oxide growth exhibits direct Togarithmic
‘kinetics in time6§. In such cases, oxide growth is believed to proceed
through the p]ace;exchange mechanism described earlier. This mechanism
has been used as a basis for a model of thick film growth79_8].

. Direct Togarithmic kinetics: originally treated by Tammannsz,
arise whenever it is postulated that the free energy of-actibation,
AG*, for the oxide growth process increases linearly with oxide thickness,
Xs i.e. ‘

267 = 06 * + b (1-1)
where b is a constant. ' ‘

Since the rate of oxide growth is proportional to the e%ponentia]
of AG+, an integrated rate law of the direct logarithmic form

X=klInt+k” (1-2)

results, for which k and k” are constants and t is time. Although a rate

- law of this form is usually attributed to a mechanism of place-exchange,

any process for which the free enerqy of activation increases linearly
"with oxide thickness, or coverage, produces a relation such as egn.(1-2).
For coverages below a monolayer, electrosorption with a linear decrease

of adsorption energy with coverage, due to repuTsive interactions giving

I,

MLl kel tiae



however: compare the work of refs. 48,

-10 - \

a term in exp [-g0] in the oxidation rate equation, also gives direct

Togarithmic kinetics, as observed by various workers experimentally at

t30,31,56,65,66,83 10,59,62,64,84,85 83

P and at Au Gilroy

of the quantity of oxide potentiostatically formed at Pt electrodes, as

measured by cathodic galvanostatic reduction and current integrqtion, to "

develop an oxide growth model based on rate-determining nucleation-
(and growth).
At present, no single model of o 1q_,,drmat1o kinetics has

emerged to account success1Ve1y for 1ogar1thm1c gro th a]thouqh a number

of analyses are available (see revie

While thin film oxidation 3 fo]]ow a s1nq1e, simple

to a two-stage logarithmic law. The ™ 110 gontroversial,
T
92.

Young and Dignam93 conclude that no theory of general applicability yéf

ex1§ts which explains direct Togarithmic kinetics often observed at many -

metals at Tow temperatures.

ii) The Inverse Logarithmic Law

A different kind of growth law was treated by Mot 9496

Cabrera and Mott97 for development of thin films fprmed both by anedic

" and atmospheric oxidation.

According to these authorsg7, oxide films grow at a metal
eurface by atoms being injected, as iens, from the surface across an
energy barrier_first into interstitial positions in the growing oxide
phase,* and are then'transported through the oxide layer under the
influence of that part of the overa]] metal/solution field which resides
across the oxide layer. This situation usually implfes that the oxide )

“»

used measurements

and by.
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film is more or less an insulator so that high-field'conditions obtain.

It fs*&%f}icu1t to see how this mechanism app]ié; to mono-, or shbmonoTayer

films at Pt’'or Au where the potential difference is mainly due to metal/
okygen_surface dipoles‘an&'é&§6¥ﬁéd anions. Although "monolayer oxide"
can hardly be an insulator in the conventional solid-state sense, the
Mott-Cabrera "high-field" mechanism of oxide film growth was applied to
Pt oxidation by Ord and H06] and by Damjanovic in some of his workga'w_2
but, in the latter case, thicker films more extensive than a monolayer
were involved up to x = ca 1. nm. ‘ |

The'high-field growth law usually applies to development of
oxide films at the valve metals, Al, Ta, Nb, Ti etc., where thick
insulating oxide films are formed. “

The high-field growth law, in integrated form js*
ek -kt h (1-3)

Experimentally it is not easy to distinguish the applicability

—_

of this Taw tb experimental results from that of the "direct" law, unless

accurate measS;Ements are available over 4 ~ 5 decades of time.

The ;pkfﬁ\ bility of the "inverse" vs the "direct” logarithmic
law to growth o %::2 anodic oxide fﬁ]ms formed on noble metals is, in
fact, a mattenr of'continuingdsontroversy76’77’100. éevera] authors; for
exampte, Vetter/ and Schultze, and Ord and Ho, have reported an inverse

lTogarithmic law of growth for very thin oxide films (< 1.5 nm) on pt®?-65
66,99,100 59

and.Au”".
\-7 .

f Recent]y, Ghez]03 has shown that this form of the Mott-Cabrera law
15 not a strictly accurate solution to the probiem; a more correct test

of the high-field growth mechanism is by means of a plot of 1 vs 1n [t/xz].
Other general cases have been considered as wel]104 x

Sus ide e
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53,105-107,

Much of this controversy, as noted by several authors
arises because an unambiguous distinction between the "direct" and "inverse"

logarithmic growth laws cannot be made on

sis of 1/x or x dependencies
on Tog t unless the range of t is very 1o 5, Damjanovic76 has stated
that in order to dﬁstinguish.between these two Yaws, oxide growth measure-
ments should be extended over as much as four decades of time, preferably

for oxide thicknesses initially as low as possible in order to measure larger
relative thickness‘chapges.

In the study of the deposition of the first few (1 ~ 3) layers of
oxide, the concept of "film thickness" in the sense used in "high-field"
theories is questionable. It is difficu]t, as well, to postulate a
potenfia] drop across a film for film thicknesses less than a monolayer,
in a theory in which that potential drop determines the rate of growth
through an activated ion transport process across a macroscopic lattice

film.

Furthermore, interpretations of oxide growth such as that in the

theory of Vetter and Schultze®>>5%-66

do not allow for the fact that more
tﬁan one process can give rise to tﬂe transients they measure, including
‘the quite different processes (which they acknowledge are occurring) of
initial deposition of 0 {or OH) species and growth of oxide at higher'
coverages involving the place-exchange mechanism. i vs V profiles for
0 deposition at Au ind{cate, for example, 3 or 4 distinguishable states
a; peaks already below monolayer coverage.

The confusion seems also to extend to the treatment of experi-
mental result;. For example, in Vetter and Schu]tze's'work65 referred

to above, it is claimed that, for potentiostatic formation of the oxide

film at Pt up to 3 layers of 0 in extent, the "direct" log growth law
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[egn.(1-2)] applies over the whole range of growth times (5 decades of t).
. However, they use these experimental data to derivg an electro-

65,66 and Ausg.

chemical theory of oxygen deposition at Pt Current
densities, i, ., of oxide formation determined from integral charge vs

log t plots, were used to establish the variation of current density with
ﬁotentia] of oxide formation at constant coverage (Tafel 1ines), and thence
»to evaluate Tafel slopes for the surface oxidation process. The Tafel
equation derived in this manner is writtén as

v _ _ 2.3 RT o
dTog 3, %+ = Tgp (1 +20) = b3 (1 +a0) (1-4) .

where the Tafel factor, b+, is a function of oxide coverage, ©, as shown

ﬂ/"aﬁin eqn. (1-4). However, the reaction:rate expression based on eqn. (1-4)

of Vetter and Schultze does not give the required linear reiatjon_(direct
logarithmic) between x and log t to which their experimental data conform

for growth of oxide on p55,66 59

and on Au™” at vérious growth potehtia1s
over 4-5 decades of growth time. Their derived exﬁreésion (egn. 1-4)
corresponds, in fact, to an inverse 10qar1thmic're1ation, since an oxide
thickness term is in the denominafor of an exponential expression of rate.
From all these comments, it seems neceslary to conclude that the
formation’of submonolayers of oxide should be considered in a quite different
way from that'¥or formation of thicker oxide films (@ ; 1), although,
experimentally, the direct growth line of quantity Q of oxide Vs {oq t
usually passe§ tﬁrough the 1imit Q = 1 monolayer without inflection, e.qg.

65’83. For example, for OH or O film formation up to the

as found at Pt
monolayer 1imit of coverage, approaches %nd models developed in modern
surface science should be applied, ~“concepts of overlay lattices

and reconstruction of the metal surface. This approach will be taken

in the interpretation of a number of the original results to be reported

LY
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in later chapters of this thesis.

Damjanovic et al employed galvanostatic tr‘ansientsgs’99 to
study the mechanism of thin anodic oxide film growth at Pt in acid and
alkaline solutions'®*192. Tre concluded that the thin film growth
kinetics (< 1.0 nm but > ca T monolayer) followed the Hott-Cabrera
formalism of high-field assisted formation of ions and subsequent migration
of- these ions through the oxide phase. Betweén one and three monolayers
of oxide, the sam; law for growth of oxide was found to app1y]00 regard-
less of the mode of fi]m gréwth (viz. under potentiodynamic, galvanostatic
and hybrid_ga]vano—potentiostatic‘conditions) The rate o% growth of the
oxide film, expressed as a current density 1, up, to an averaqe of ca 1:0 _nm

thickness is expected to foHow98 99,101 the equation

. ' cx(\l'—\fo)
=1 exp ” (1'5)

»
where x and io are constants independent of pH, Vo is a parameter that
changes with pH and x is again the film thickness. (V - Vo)/k is, of
course, the field across the oxide. ' r/

3. Previous Work on Oxidation of Au

In recent years, work on the formation and reduction of
oxide mono]eyers on Au has been reported in various papers. Work in
earlier periods was sporadic. The early (pre—]940)-work has been
reviewed by Deborin and Ersh]erlos, and was méin}y concerned with forma-
tion of thick oxide films.

Here we shall restrict the discussion to resu]ts of some of the
more important, recent work. Several reviews of the literature congerning
Au and its oxidation have become recently aVQiIab1e3’6_9 and illustrate
the discfepant views on the subject which exist at the present time:

Renewed interest in thé anodic oxidation of Au began Qbout'the
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time of Laitinen and Chao’s work'%% published in 1961. They found one
chronopotentiometric arrest at about 1.35 V in 1 M HC104, and proposed a
step-wise oxidation to form Au-OHadS, Au—Oads and eventually Au-0-0H.

In a series of papers, Brummer and Makr‘ides”0 and Brummer‘54

85,1 studied the kinetics of surface oxide forma%ion in

and Makrides
molar HC'IO4 solutions by potentiostatic anodization in the range 1.2 -

1.85 v (EH). The quantities of oxide deposited in these experiments
[corresponding to Tess than 2 monolayers as 0 species) were evaluated

from subsequent galvanostatic reduction transients1]0. The chronopotentio-
grams showed that the reduction of oxide occurred over a small potential
range, de%ending on the cathodic current density. The anodic {deposition)

charge increased linearly* with potential, at constant formition time,

over the range 1.45 - 1,8 V. These results, and those of Laitinen and
Chaq]og, were interpreted, due to the absence of multiple arrests, as
ev{dence against the formation of stoichiometric Au (I) or Au (II)
intermediates. :

Cathodic chronopotentiograms were used to construct Tog
i vs V curves which followed a Tafel relation for oxide reduction with a
slope of 41 mV. This slope was independent of the potential of oxide forma-

’

tion and pH in the range studied.
To account for these observations, Brummer and Makrides proposed
a mechanism for reduction in which it waé assumed that rtduction of an
Au (II) intermediate is ihé slow step, and for which a Tafe] slope
(dV/d Tog i) of 39 mV, for a = 0.5, is predicted.
Brummer>? also.investigafed oxide growth kinetics in experiments | :

he referred to as "aging". Oxide was formed potentiostatically at a

E
* This is an artefact due to lack of sensitivity of the galvanostatic
method which is essentially an integral technique as it measures V as a
*  function of f idt = charge passed.

o
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series of potentia{s (].45 - 1;§§'V) for various growth times (aging,
in his terms) an% its quantity determined in a galvanostatic reduction._
It was found that oxide continues to grow slowly, even at long times of
formation; the range of potentials over which reduction occurs becomgs
less positive for longer growth times "indicating stabilization of the

- film. A logarithmic ox;de growth law was (Egorted (oxide coverage less
than 2 monolayers as 0 species'thrOughoutighgse measurements) having a"
slope [dQ/d log t] increasing as the potential of oxide formation was

increased. v

X use potentiodynaﬁic sweeps and

More recently, Gru

-was.the first to observe fwo reduction peaks in thg cathodic sweep. The
i vs V reduction profile was Tater reséJVed by Go]'dshtein_gg'gl1’2

into three distinct peaks. An initial reversible region” was noted at -
low coverage (0 < 0.1). These authors investigated the kineticg of

q;ygen depositionn3 and derived a Tafel slope of 50 + 2 mV for the

oxidation.

Vetter and Berndtl]4, using the galvanostatic method, found

that the amount of charge involved in monolayer formation was independent
of pH in the range 0 - 12, and that the charging curves shifted by ca
59 mV per pH unit. ‘

Schultze and Vetter59 investigated time effects .in galvano-
static experiments at Au in 0.5 M H2504 and found that the state of
oxygen chemisorbed on the surféce-depends not only on coverage, but also
on the conditions undér which it was. formed. At very low coverages (< 0.1),
chemisorbed oxygen "ién;" were considered to be in equilibrium with the
electrolyte. At higher coverages, a field-assisted place-exchange process

was considered to become rate-determining. These authors (most of whose

data corresponds to oxide films less than 1.5 - 2 monolayers as 0 species)
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also believe thaf oxide formation advances uniformly over the whole
surface (since they observed no inflections in the cherging'cukves) 50
that oxide grows continuou§1y vith inereasing time or potential. The
cathodic reduction of oxide59 wag:assumed to proceed only at the edges
of oxide islands as supposed by various other wor'l-cers;”5 117. Schultze <
.anq Vetter59 also derived coverage\éependent Tafel slopes, linearly dependeet'
qun 0, with initial va1ues of 25 mV (decade)” -1 for oxide deposition and
38 mV (decade)"1 for reduction of gold surface oxide. The treatment was
similar to that discussed earlier (section 2e) for Pt65’66 in connection
with oxide growth laws. '
« In potenfiodynamic formation and reduction of.oxide monolayers
on (111) and (100) p]anes of gold single-crystals, Dickertmann, Schultze
and Vetter10 postulated that the-role of crysta] faces on the kinetic
parameters may be important for the growth of thin epataxial oxide layers.
They observed distinct, separate peaks for oxide deposition in
i vs V profiles on the different single-crystals, although a polycrystalline
surface showed a more monotonic curve. In spite of the significant differ-
ences in\the anodic regions, all curves coincided in the cathedic region.
‘This indicates tha% the state of the oxide at the end potential of the
anodic sweep is essentially the same, regardless of the orientation of the
surface used. The J vs V profiles presented by these authors for a’
polycrystalline electrode (in 1 M HC]O ) did not exhibit any oxide depos1t10n
currents until potentials of 1.5 V or more are attained in the anodic

sweep. (The normal potential for onset of oxidation in this solution is

« 1. 35 v EH ) - This inhibition of oxide deposition by ca 0.15 v (cf the
S

WOrk of Sharp3, So’cto]4 15 or Arv1a]] -13,118,119 must be attributed to

- substantial contamination of the solution by impurities. In addition, the

3. e e
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by these authérs as an experimental requirement.

The requirménts for very "clean" expeyimenta] conditions must
be stressed, especia]]y with éeqérd to investigations at single-crystal
electrodes. Results présented earlier (p. 5) on vacﬁum/gas phasé studies
indicate that surface reconstruction may be important at low levels of -
H20 adsorption froh the gas phase. Also, the results of Rand and hh:)odslz0
indicate that the charge associated with corrosion of Au in aq. medium

in each cycle takem to 1.54 V (later stepped to 1.8 V) is of the order of

4 uC cm_2

or ca 1% of a monolayer (as O species). Thus an electrode pre-
treatment iﬁvo]ving strong anodic polarization or multfiple potential -
cycling can seriously affect the integrity of a single-crystal substrate
surface. That such pretreatments have been employed and were required by

J“}mst workers because of insufficiently pure solutions, emphasizes the
diffifu]ties in using single-crystals and‘exp1ains the discrepancies between
various workers' results. In the present study, it is believed that the
application of ultra-high-purity conditions (described below) eliminates
or greatly reduces the need for electrode surface prefreatment.

14-16,121-123

Sotto also investigated monolayer surface oxide

formation and reduction at singl€é-crystal Au electrodes. Cycling pretreat-
ments were used in‘her work alse in order to dbta%n 1.vs V profiles which
did not change with continued cycfing. It is difficult to imagine that
sustained. polarization at potentials cal.oy (r.h.e.) employed in the
pfétreatmeﬁt programs would have no damaging effects on single-crystal

planes of the Au electrodes used.

Sotto found, however, that depending on pH, temperature and

¥
<
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sweep rate, between one and three cathodic current peaks could be observed

on each single-crystal plane studied. These current peaks were attributedls’
16,122,123 to.the reduction of three successive oxide states at go]d; all
existing simu]taneque1y on the electrode surface. These states were
supposed to be 3-dimensional nuclei of Au (I1I) (as Au203.n HZQ), Au (I1)

as Aul or Au(OH)2 and Au (1) as AuZO'or AuOH. The latter two states were

said to be strictly localized on the surface (but not the phase oxide,

Au 0 ) and to be involved in a stepwise mechan15m of oxidation.

The stage of reversible deposition of oxide observed at_]ow
coverages and with moderate to high sweep rates by Gol'dshtein et al] 2
and by Arvia 93_91}2’13’]24 (and also in the present wofk) was not
discussed by Sotto. Her experimental results were interpreted in terms
of an "energetic heterogeneity" of the electrode surface, even for sing]e--
crystal electrodes, with the above species being successively formed.

It might be expected'that a.stenwise reduction of oxide, such

as proposed by Sotto, would result in some‘stoichiémetric retationship

. between the charges associated with the three current peaks. This, however,

was not proposed or observed,

' . Although the experimental conditions employed by Sotto were not
ideal (especially for the single-crystals employed), a carefu] analysis
of the stages of reduction of the oxide film at Au was made in terms of the
d1st1ngu1shab1e current peaks of the i Vs V prof1]e at d1fferent temperatures
and on different crystal faces. Experiments were performed in which an oxide
monolayer was partially reduced in a cathodic sweep, followed by reduction
at controlled potential within the range of poteﬁt}els of the reductibn
peaks, then further by completion of reduction in a continuated cathodic
sweep. This type of experiment made it possible te'observe and resolve the

A

sequence of reduction stages and the interdependence of the behavior of the
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three (according to Sotto) réduction peaks. Sucﬁ an approach is particularly
valuable when employed under coﬁditions of very high solution purity, as

was the case in the present work.

A detailed investigation of the formation and reduction of Au
\ ' . .

sur*qce oxide using cyclic voltammetry was undertaken by Arvia and co-

11-13,118,119,124-127

N o
workers using a variety of conditions.

In early work1]?]2, these authors resolved the monolayer oxide
formation pr6f11e into three regions and showed the various conditions
(9.9. changes of sweep rate). required in order to observe three separate
‘current peaks for reduction of moﬁo]ayer 1eveﬁs of oxide. Also, experi;
ments at déffefent teﬁpéfatures11 led to dramatic changes in the reduction
profiles. Thus, the cathodic reduction of oxide appea;s as a single, very
narrow peak at 343 K but at 262 X two peakélﬁre clearly observed, but this.
effect was not explained. Some chemical disso]ufion or corrosion of the

12

oxide]'I on open circuit was also noted. It was.also observed  that the

_Shapes of the 7 vs V ﬁrofi]es depended strongly on the_nature of the anions

of the‘so1ution, e.g. with C104_ and SOE_.

13,118 ' the influence of open-circuit aging of

In subsequent work
the oxiae, including chemical dissolution effects, was examinéd. Stepwise
oxidation mechanisms were proposed (leading to phase oxide Au203 formation,
-even for a monolayer of oxide) Snd one feature of the several mechanisms

" advanced was the action of a "chemical" step in stabilizing the oxide
film. It was suggested that such a step could'be a disproportionation
reaction (without net electron transfer) in which Au203 is formed from
less highly oxidiﬁ%d material and Au metal is regenerated. For the mono-
layer processes involved, it is difficult to accept this type of'djsporpor-

tionation mechanism. . It was concluded that aging effects (involving time-

T R



dependent, non-electrochemical processes) determine most of the features
of i ys V profiles for oxidation and reduction.

]]9, achieved by rapid cycling

A type of dynamic aging of oxide
of potential within a restricted region of the usual range of potentials
in the Vvs t sweep,.has been used by Arvia in a series of papers to
: evaluate the kinetics of the aging process or the non-electrochemical
processes (probabfy the same as "aging") which have been considered for

Pt]28 and Au1]9.

It was concluded that surface reconstruction may account

_ for the. formation of a stébi}ized (i.e. more difficultly reducible) oxide
Fiim after a period of aging. It is important to note that aging effects
were attributed by Arvia (especially see refs. 13,118) to stepwise

_oxidation stages involving stoichiometric species and their interconversion

by disproportionation (cf above), rather than lattice rearrangement processes.

In more recent worklzq

» the multiplicity of peaks observed in

i vs V profiles at Au in alkaline solution was examined. An increased
structure in the i vs V profiles is observed under‘these conditions and

the appearance of reversible currents for apparent oxide deposition and
reduction over a wide potential range.was cited (cf. ref 129).

The Tack of structure in most of the i vs V profiles presented

by Arvia et al, combined with the observation of agitAtioh-sensitive current
peaks at potentials for which no reactions are expected, strongly indicates
contamination by impurities in their work. Mechanical ah& e]ectrobo1ishing
(in a CN™ containing bath) procedures were used in their work.” Specific
};echanisms for the surface oxide formation and reduction processes were

not elucidated by means of diagnostic parametersmo']33 (see Chapter 3, p. 56)

for i.vs V profiles for surface processes.

4. Previous Work on Oxidation of Au: Relation to Ion Effects
1-3,12

A number of workers have obsarved that the anions of

hikee = arn e




- of the early stages of oxide deposition, both at Pt and Au, as resolved

. the varying strengths of}§pecific adsorption of anions and the-electrostatic

value for the p.z.c. indicates that at pgfent+a+s near those for onset of

-2 - ' 3

supporting electrolytes have important effects in determiningttﬁ; energies
in an anodic potential sweep. These effects are undoubtedly determined by

effects associated with'the relation of the potential ranges for oxide
deposition (in acid solution) to the potentiaf of zero <:har'f;;e]34’]35 for

the solution being investigated. In acid so1utions,.the effect of adsorption
of c;tions on Au can generally be neglected]36’]37 because the potential ' %’
of zero charge (p.z.c.) is (arquably) at about 0.2 V]38~to 0.3 V]39 EH’ or !
h1gher in the usual acid so]ut1ons emp]oyed to investigate oxide monolayer |
deposition. For example, Bockr1s and co- workers]40 found a value of

0.17 V for the p.z.c. of Au in dilute perchloric acid solutions. Such a
surface oxidation, strong electrostatic a action/Operates between the
metaT electrode surface and anions of the electfgayte; oxide deposition 3

begins at ca 1.0 = 0.7 V positive to these values of the p.z.c.

It may therefore be expected that specifically adsorbed anions

Y N

will have a major influence on the deposition.of O-species. It has been

137

found that the specific adsorption of anions at Ay decreases in the

2.
4
species begin to deposit on Au at potent1a1s about 100 mV more anodic in H S0

order I” > Br” > OH > Cl1~ > SQ5™ > c1o4f > F . .Thus it is found that O

4
solution than in HC]O4 so]ut1on] 2 apparentTy because of the difficulty of
d15p1ac1ng the more strongly adsorbed SO2 ion from the electrode surface.

The exact value of the p.z.c. for Au is somewhat controversial,

In any case it depends on solution composition and temperature. ﬁ1so, of

great importance, its value depends very much on the crystal face of the

substrate metal that is available for adsorption14]_]47, as might be ?
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expected by the knohn variation of work function 6f a metal with crystal
plane: '

The p.z.c. of Au has been evaluated by a number of workefs by
several methods. An excellent reviewg has recently become available in
which the major studies are critically examined. A table summarizing
the results and methods of numerous studies is given. In acid solutions,
the p.z.c. values vary from 0.10 to 0.30 V. .

More recently, Clavilier and van Huoncl]38 have studied a large.

~range of concentrations of the electrolytes KC]O4 and HC104; and determined

the potential of zero chargeuby means of differential capacity vs potential
curves. They found that the value o% the p.z.c. was, surprisingly,
independent of concentration and pH, and was -0.040 V (s.c.e.). ‘The actuaI.
value of the p.z.c; is found to be difficult to establish, but the potentials
where'the net charge on the electrode becomes positive is in the range
0.1 up to 0.40 V (r.h.e.). Thus, anion effects are expected to be important
at the relatively high anodic potentials reﬁuired to deposit 6x1de.at Au. ’

A related topic is the question of solvent orientation at
electrode surfaces discussed by Trasattima'lso in re1atioﬁ to the energies
of specific adsorption of anions. It ij/qéoposed that the relative .

orientation of water dipoles at a given/metal electrode surface may be

'eva(uated from a knowledge of the plz.c.;\the work function and the electro-

' o

negativity of the métal. It is arqued that ne preferential orientation of
water is expected at Au, thusSconferring a type of "hydrophobicity" on the

electrode surface. The concept of hydrophobicity is somewhat controversié1

however. Gardner and l».l'oods]51

have recently stated that Au and Pt are in
fact hydrophilic metals, contradfcting'other pubTished interpretations. If
Au exhibits “hydrophobicity", it is expected that the effects of anion

adsorption on deposition of 0 species will be more important than at metals

v
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where the solvent (HZO) is more strongly bound tb the electrode. Thjs \
is.part of the motivation for undertaking a study of the influence of anion
adsorption on the processes of surface oxide deposition and reduction on Au

in the present work.

5. Aims.of the Present Work:

As was described in ear1ier\sections of this chapter, the formation
of surface oxide oh Au e]ecfrodes has been studied by a number of workers, -
but. it is obvious that a clear understandina of the system has by no means

yet been achieved. This may be attributed in part to the restricted type§/

. of experiments performed by most workers and to the failure of a numberiof

“workers to appreciate the requirements for use of extremely "clean"
solutions etc. Even ambngst workers using the same experimental techniques,

it is clear that there é:;zi; considerable disagreement not only with regard

to interpretation of experimental results but also over the results themselyes.
. In the present work, a main aim is to develop experimental techniques which
. résu]; in substantial improvements. in the cleanliness of test solutions and

f’may help clarify these difficulties.

The exact natyre of. the monolayer oxide film is not at all well
'establishgd (e.g. AUOH, Au0). The apptication of several experimental
approaches enabling determination of Tafel slopes fér oxide deposition
Erovides insight into the chemical nature of the film and, as well, suggests

plausible mechanistic sequences for oxide deposition and growth processes,

The‘ex{stencq and the importance of any place-exchange processes is still

jot agreed'upon, neither is the sequence of steps and their reTative rates

. . & Ce -
in an overall mechanism of oxide growth and reduction,
In the Tight of previous work,. the aims of the present study

are therefore:

T ettt i s iabdetislibl

fo
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mBho]ayer of oxide prior to thicker film formation. This includes attempt1‘g

|
to evaluate the chemical nature of the film, the sequence of consecutive

discharge steps. in relation to non-electrochemical rearrangement s

S

coupTed with discharge or reduction, and the rates of the steps involve

13

in an overa]] mechanism. 1nc1ud1nq processes involved in film formation
e’

leading to express1ons for an oxide growth law. The appropriateness of a

+

mechan1sm of nuc]eat1on and growth for monolayer surfacgsgglde formation
and reduction will also be eva]uated cr1t1ca1]y

b) to evaluate the influence of co- adsorpt1on of an1ons on the
processes 1nvo1ved in formation and reduct10n of monolayers and. submonolayers
of oxjde. Because of the importance of such effeggé#,a—number;of ions of
different adspi?iﬂ%bﬂity have been employed. o

An'iévestigation of these probiems which .integrates a variety
of measurements and also experimental approaches employed in some cases by
other workers, combined with the use of theoretical 1nformat1on aval]able
'as diagnostic parameters of 1__£ V profiles derived earlier in this lab-
oratory (see Chapter 3, p.#56) enables a clear understand1ng of mono]ayer
sqrface oxide deposition and. reduction to emerge. In.addition, the
uniform épg]ication of high pufity conditions (described in Chapter 2) in
all thése medsurements should not orly eliminate some of the conthagiétions

in results of earlier investigations but should also permit much more

sensitive and reliable measurements to be made. u .

[

a) mainly to determine the processes of fﬁhmation of the first .;;'
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CHAPTER 2

> EXPERIMENTAL

L 3 . 1. General Choice of Methods

In the pfesent Qork, the kinetics of surface oxidation of
noble meta]s;‘principa11y Au, have been studied. Because surface
proces§ethre involved, in which virtually non-continuous currents
pass, it was'necessary to employ non-steady-state methods in the

" experiments in the usual way.
The preferred technigues were cyclic and linear potential
: sweep voltammetry, conducted at various sweep rates with comglex
potential-time prograd‘ when necessary. Kinetics of electrolytic
growth or reduction of oxide films for various periodé of time were
., a]s; studied by application of linear potential sweeps at various
rates after the controlled periods of growth or reduction at a fixed
potential. These techniques provide a very sensitive and accurate
way of following non-steadv-state electrode processes at metal
surfaces in terms of:
a) currents generated for production of surface films in
var%ous states;
- . b) distinction, in terms of electrochemical free energy,
| of the varioué‘stageé of deVe1opmeﬁt of surface films,
. e.g. distinguishable adsorption states; and
, c) evaluation of the kinetics and extent of reversibility
of eTectroT}tic surface processes.

The method is specially suited to the study of surface

processes where small, time dependent current densities are involved.
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A key_point in this work was the perceived necessity of
adopting-specia] techniques for water purification, cell and glass-
ware treatment, and an efficient experimental technique in which
contact of all materials with the air during, and in preparation
for, experiments was minimized. The degree of expérimental
“cleanliness” requ{red‘if*order to achieve "clean" cyclic
voltammetric profiles, unaffected by traces of foreign jons and
moTecules, is much greater, at least for Au, than was previously
thought. Accordingly, new procedures were‘deve]oped and incor-
porated into the general experimental technique; they resulted
in-substantiql improvements in the cleanliness of test solutions -
and the.ré11;BIRity and reproducibility of the resulting i ggjv
profiles that we?e obtained. 1In édditioﬁ, use of these procedures
helped to clarify some of the discrepant results in fhe literature
of this field, and will be shbwn to be essential if satisfactory
results are to be obtained.

. \ 4,152
In the potentiodynamic sweep method

a potentiostat,
controlled by an electronic fupction'benerator, sweeps the potential
of a working electrodé.through a pre-arranged, time-dependent program
and the fesulting time - (and hence potential-) dependent currents
are followed as a function of potential on an X - Y recorder or an
oscilloscope, or are stored digﬁta]ly in a mini-computer153.

The form in which potentiodynémic data are obtained is
illustrated in Figure 2-1, which represents the current-potential

* (i vs V) profile for a Au electrode cycled between 0.40'&&9 1.69 V
in 0.1 M HC10, at a sweep rate of 0.020 V s™'. The currents observed

-+

5

-
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are the sum of components due to the_ Faradaic electrodeposition
or dissolution of surface species (self-stifling reactions in
this system) and the nbn—Fa;adaic doub1e-]ayq§kcharging currents
which correspond to redistribution of ions and molecules (including
_ water dipoles) in the interphase adjacent to the electrode
surface so as to achieve an electrostatic equilibrium at the
potential concernad.

The range of potential over which the current response
is almost independant of potent{a1 in the anodic-going sweep,
commencing at 0.4 V, is a potential region in which only double-
layer chargiﬁg currents arise. Their values are useful in the
subsequent treatment-of the 1 vs V profiles for surface oxidation.
At more positive potentials, proceeding in the anodic direction
of the sweep, e]éctrodéposit1on of O-containing species takes
place in a series of distinguishable stages af corresponding
-energies (potentials), followed, at potentials greatér than
1.7 V, by the evolution of 02. The e1ectr0depositedﬁb species
are all reduced in the subsequent cathodic sweep in what appears
to be (mainly) a sing1e'b6und state. The charges represented
in this djagram are ?4n€he order, e.qg. for O-deposition, of

2

400 uC em*“. This is a very small, but accurately measurable

‘quantity of charge, corresponding to a monolayer of electrode- .

pdsi;eg\gfspecies, and illustrates the sensitivity of these measure- "

ments. Currents due to the evolution of H2 may be observed when

cathodic. sweep is less than ca 0.0 V (not
o
- The adsorptian of H species is not observed

the potential of t

shown in Figure 2-1).

1=

et LT

N, FTA T R
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on Au prior to H2 evo]ution]54’1§?. : p
The existence of multiple states of adsorption, such.
. as those shown in Figure 2-1, is now established in many stystems.
While early studies of this type were frequently irreproducible
and conf]icting; the consistent application of high purity exper-'
imental conditions has produced major advances in this field,

especially in terms of quantitative evaluation of m?]tip]e state

adsorption in monolayers3.

S

The method "also has the important advantage that it

generates directly a differential record of the adsorption

behavior arising in electrodepositon or electrochemical removal
"of a monolayer at X metal surface since currents (1) generated

in a sweep at a ratd g%-are proportional to the adsorption

capacitance C, j.e,

dv
dt > /

and C is the differential coefficient of the electrochemical
L

isotherm relating coverage O of some electrodeposited speciés,

i=¢

e.g. metal atoms or; in oxidation, OM and 0 species, to the
potential, i.e.

. . Q%%
where Q is the charge required to deposit (or remove} a monolayer
of the electrodeposited chemisorbed species. Hence an electro-
chemical "spectrum”" of electro-generated adsorbed _species in
ter&s of the potentials at which they are depositéd'or removed

from the surface is directly recorded in the potential sweep

method.
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The sweep rate dependence of the potentials at which
various current peaks arise gives a measure of the ‘reversibility
of the reactions. Also, if the electrochemical process occurs
uniformly over an electrode surface, the amount of charge passed
under a given set of conditions gives a measure of the surface
coverage by the species depqsitéd or removedlfrom the surface.

The relative merits of potentiostatic and galvanostatic-
methods in the study of surface reactions have been widely.
chscussed]56 157

The special advantage of use of thé potentiostatic
method is that it permits a selective study of individual surface
ré&Ctions according either to their revefsibIe potentials or to
the‘overpotentials required for the passage of significant
currents (10_5-10h3A cm'z). Furthefmore it can be used Hynamica]]y
to give information about reaction kinetics]58 by means of |
studies -based on meagurements of relaxation times of the proces;es

involved.

i)~ Informat1on Available from Potentiodynamic Current vs- Potent1a1

——

(i vs V) Profiles a &

The number, size and shape of the peaks generated
in gurrent vs potential profiles obtained from potentiodynamic .
sweeps provide (amongst other factors) importaht information ~
concerning the nature of the‘édso;btion-desorption reactions
occurring at the electrode surface. When the availability of
reactants at the electrode is diffuéion-]imited, the associated

peak current varies with the square-root of the sweep rate. When



T T AT G LT e

e

.

LI JR

o ep——

- 32 -

there is no diffusional limitation, the resulting peak currents
will be directly proportional to;?ze sweep rate. It is this

linear relationship which identifies Faradaic surface reactions,

.since no mass-transport over any significant distance is involved

in such processes.

A number of authors have conducted theoretical work |
on the behavior of various electrochemical surface processes
under cdnditions of potential-sweep and potent?&]—step modulation,
The genera]izeﬁ forms of the current-potential profiles which
arise in simple reversible and irreversible surface reactions
have been calculated and the 2ffects of several different

thermodynamic parameters ip:fﬂese systems have been investigated

. in a number of paper 5§J13b'133,159i166-
Most,d?d:;j’rébults obtained hitherto have been concerned

‘_,/_“\\
with theoretical analyses of single-electron discharge processes

leading to the forqu:on (and subsequently the removal) of a single
monolayer of adsorbed species at the electrode.

The electrochemical surface reactions of particular
interest in the present work, although studied at monolayer and
submonolayer coverages, generally exhibit several peaks in the

i vs V profiles. These peaks usually ovérlap too much to enable

accurate deconvolution into component simple peaks to be achieved,

thence permittin

an ev 1uatigg;gf the corresponding individual
~ -

jsotherms to be'ma
1 conditio

Under opti , it is sometimes possible to

separate a current-potential profile into a sequence of electro-
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chemical adsorption (or desorption) capacitance components and

thence the contributing adsorption isotherms.

When component peaks can be resolved, a) thei; symmetry
gives information on the reversibility of the procgss(es), while
b) their breadth'gives a measure of the extent of lateral inter-
action amongst the adsorbed species in thg monolayer in terms of
the half-widths (width at half-height) of the peaks! S0~ 325159
Electrical Circuitry

" The basic e]ectrica]\}ﬁﬂﬁggt used in.this work ié well

known and is shown in Figure 2-2. The potential of the working.

electrode was controlled by a high output voitage Wenking doten-
tiostat according to a program set by an electronic function

i

generator. -Servomex LF 141, Tacussel GSTP2 and (principa]ly) ; %?
Tacussel GSATP function generators were used interchangeably fof
this purpose, according to the comp]exity of the cyclic progfam
required (see Chapter 2, section 6). |

The potential of the working electrode was measured
with reference to a Pt/H2 reference electrode in the same solution
through a Tektronix Type O operational amplifier acting as a very
high impedance 1:1 ﬁmp]ifier (cathode follower). Currents passed
between the working.elegtrode and the counter electrode were
measured as potentials across a Leeds and Northruh 4755 high
quality décade resistance box (ohmic transducer) inserted in
series with the counter electrode. Experimental current-
potential (i vs V) profiles were recorded on a Hewlett-Packard

Moseley Model 7001 AM X-Y recorder, or were monitored on a
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| Tektronix 564B or 5115 storage oscilloscope from which they
could be recorded using a Polaroid camera provided with high
i speed (type 47, 3000 ASA) Polaroid film. Continuous readout
pe of the working electroge potential was available on a digital:
muTtimeter. The circuit was grounded from a-single point (the
-working electrode) directly to an incoming fire hydrant.

2) Choice of Conditions

The study of surface oxide formation and reduction on.
Au electrodes in acid and alkaline solutibns was conducted
under rather sper1a11§’d conditions in order to minimize, avoid
.or eliminate interfering 1nf]uences (to be discussed in detail
* later) which otherwise vitiate the study of electrode surface
processes at mono]ayer Tevels of coverage.
“Surface processes at Au were investigated over ranges
of potent1a1 where no cont1nuous Faradaic react1ons occur.
Under these conditions, any adventitious d1ffus1on contro]]ed
currents (which are 1dent1f1ed by their sens1t1v1ty to stirring
of the solution) may norma]]y be attributed to the reaction of
so]ut1on.1mpur1t1es at the electrode surface. Also, in order
to study adsorption processes at electrodes, it is necessary to
maintain the concentration of reactant at levels sufficfent]y
high that complications from diffusion-controlled reaction rates
are avoided. In the present work, this pre§ente9~no problem
since the solutions were either acid or alkaline in which the
reactant for surface oxidation is. e1ther H20 or OH' respectively.

However, other adsorption processes e. g iﬁvo1v1ng ions at
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trace concentrations, may be diffusion 1limited.

3. The Purity Problem

i) ‘Water

In the early seventies, it was found in this'laboratory
- j

'that_iglgpxons made from distilled city water, re-distilled from

alkaline KMn04, began‘%i.ve impurity currents at Pt, with

. selective blocking of the ‘'surface processes :associated with

deposition 05‘0 and H species. Problems connected with water

‘purity also began to appear at about this time in a number of

the ne& jmpurity(fes) could not be established, a new-methodTGZ_

was developed to remove impurities by catalytic pyrodistillation.

The type of apparatus now used, rbutine is
laboratory for all surface sfhdies, apd e ployed throughout'
this work, is shown in Figure 2-3. Detail concerning the

nstruct?oﬁ and development of this apparatlis a fully described

3,167,168

elsewhere

This pyrodistillation process,.jn which water is distilled .
over Pt/Rh cata1yst.at high temperatues in an oXygbn-.icﬁ'environ-
ment, is based on the destfuctive oxida;ion of impuri:}ei_to .
gaseous éxidation products‘(e.g.’coz, NOZ)‘ illis t?fyght to be
superior to other purification methods recently used elsewhere

and based on the adsbrgtion of impurities on activated charcoa]]-69

or on platiniZed Pt sponge potentiqstatted at 0.005 - 0.350 V]?O

Adsorption methods 1nvo1te the difficulty UZ preparing

" and maintaining the adsorbent matetrial in an u]trapuré)ton&%tion

(difficult 'with charcoal), and the assumption that_new impurities

3

/

4

\
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appearing in the water supply will sti11‘be removed by the same
adsorbent. | A '

The use of catalytically pyrodistilled water and AristaR
g;ade acid e]imiﬁates the need for potentiodynamic pre-electrolysis
involving high anodic potentials (see Pre-treatment) in order to
obtain "clean" i vs V profiles for Pt and Au. "Clean" i vs V
profiles, unchanging and independent of agitation, are nbrmally
obtained at Pt in this laboratory within ca 10 anodic/cathodic
cycles over a potential range 0:07 to 1.32 V EH in a fresh so]ution;'

under optimum conditions, they can be obtained on the second

cycle after the electrode had been left on open-circuit for hany

hours in a deaerated so]ution]7]. This 1mportant result e]1m1nates

the ob3ect10n that the structure of the current- potent1a1 profile

‘ for Pt (and for Au)_jn aqueous solution is an artefact arising from

multiple cycling.

On Au e1ecﬁrodes, the‘use of pyrodistilled water and'

-AristaR grade acid, coﬁbined with the special cleaning procedureé

to be described below, havg made it. poss1b]e to ach1eve "clean" . ¢

1 vs V-profiles for ﬁujdﬁdef optimadl cond1t10ns 1n 5 cycles or.

. g
jess. . )

: .
F0T1owing_years of earlier experiences in this labora-
tory with surface processes. at Pt electrodes in cléan and impure

so]ut1ons3

» the series of solution purity cr1ter1a and general
principles for d1agnos1ng_the cause of impurity effects, which
were developed for e]eétrochemfia1 surface studies on Pt, have

been updated and improved for application to the study of surface

-
|
T
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"oxidation of Au. This was necessary because it was observed

-

that, .in many respécts, Au is more sensitive to impurity effects

than is Pt. These important effects and conclusions have been

" summerized in Table 2-1. l. !

T
Concurrently, the development of several criteijia for

cleanliness which are required 'to establish the pg:i;&fof a Au
electrode-solution system over ang#é ove the.ionic.effects
(e.g. of 804'2) to be discussedf;g;er are summarized in column

three of Table 2-1.

ii} Pre-treatment of Electrodes

Most workers investjggting the formation and reduction
of oxide species on'gofd have found it necessary to subject the
wofking e1éctfode:undér study £o a variety of pre-treatments,
some of which.are very e]aboréte and/or quite severe. For .
example, they may involve harsﬁ chemiéa1]09, eIectrochemica]la;
59,113, 117,172-174 1o anicay 213,118 |

110,115,116,175

proceduresy or some

combination thereof Many auth&rs have stated "

s . NN .. n.I
that this pre-treatment is necessary in order to "activate 4

10,59

the electrode or to obtain reproducible results , even when

their investigations have been concerned with single-crystal

e1ecfrodeslo’]4’]6.

The results of the present sthdy have clearly indicated

_that "clean” reproducible i vs V profiles can be obtained using

167 and the fairly extensive cleaning procedures

described below. An important conclusion regarding the experi-
mental procedures used here is that the need for potentially

disruptive pre-treatments of electrodes has been eliminated,

NN
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PHENOMENON

)

i1)

agitation spoils or

worsens i vs V profile

agitation improves

-1 vs V profile

ii1)

i vs V profile
is "dirfy" but

unaffected b&

agitation

as in iii) b
with potentiodynamic

cycling

overall slant or
shift in baseline

of i vs V profile
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TABLE 2-1

" SOURCE OF
PROBLEM

diffusion control

of impurities

=

5') leaking electrode

(impurities leak
thru poor metal/

glass seal)

CRITERION FOR
CLEANLINESS

absence of
any stirring
effects
‘on the

"¢
ivsV
-profile-

r

impurities adsorbed maintenance of resolution

on electrode

-

of multiple states and
peaks in profile, esp.

- peaks for onset of oxide

<(<rT /,__\ deposition, down to-

oxidizable or

reducible

impurities

geverely leaking
electrode or
electronic

artefact

sweep rates as low as

0.005 v 51,

equality of anodic and

cathodic charges for
rd .
oxide deposition and

reduction

‘absence of any slant
in profile's zero-current

baseline

[ R T PP S
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allowing the study of the surface processes at Au electrodes

to be made without the invo]vement|of interfering influences

from-solution impurities or of confosive attack on the Au

surfaces,

ii1) Cleaning Procedures

A1l glass apparatus used for the fivst time was soaked

(inside and guz) ) overnight i

solution. This was thoro

Cr‘O3 H2804

hly rinsed away with doybly distilled

fresh concentrate

water and replaced with fresh concentrated H2504 (Baker analyzed
reagent grade).
When starting an exper1ment the H2504 was poured

away and the cel] was immediately rinsed 10 - 12 times with

‘pyrod1st11led H,0, filled with pyrodistilled water and, then

left to stand for'approximate1y 20 minutes. Aftep»¥h1 R

(

pyrodistilied water was boiled in the cell itself,'often with .

several changes of pyrodistilled water. The'ce11 was then

" rinsed thoroughly with the experimental solution and set up

in a N2 tent. .

It was established early in the_work that atmospheric
exposure of the cel] wai1s must be migtbized. The electrodes
received similar treatment, and were inserted in the ce]l for
the pyrod1st1lled ‘water steamings and were kept in the cell
thereafter.

A1l volumetric glassware in which pyrodistilied

water wa§\2b11ected and stored, and in which experimental
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. solutions were prepared, were subjected to similar pre-treatment,
including multiple boilings of pyrodistilied water in situ. This was-
.found torbe necessary in order to leach adsorbed 504‘2 from fﬁe walls of
the §1ass, from which it is otherwise slowly desorbed building up con-
centration Tevels of'SOA_Z which are deleterious in some experiments,
€.9. in pure aqueous HC]O4 solutions.

After an experiment, the solution was poured out and the

cell immediéte]y refilled with fresh concentfqted H.,S0 The

2774

electrodes were removed and stored in fresh concentrated H.SO

2774
pyrodistilled water and the experimental solutions. In addition,
the cleaning procedure was essentiq] following each experiment,
not oﬁﬁy to maintain cleanliness, but also to eliminate the effects
of extraneous anions,

Identical cleaning procedures were applied to the ‘ancillary

glassware used for preparing salts or so]utigﬁgk\

iv) Eﬁperimental Cells

After some experiencelwas gained with cells of several
different designs, {t became.ppparent that a speciaI‘ce11 would
have to be fabricated which minimized the possibility of impurity
effects. The cell and reference electfode system which was
designed to achieve thée ul;jmaFe experiménta] purity is shown in.
-Figure 2-4, and was uéed/subséquently in the bulk of the work.

' The cumulative experience has been that substantially
"cleaner" results can be obtained by simplifying the cell design
as much as possible, so that glass surface area to solution volume

ratio is minimized and contact"between ground-glass joints and the

-
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Solution is avoided.

It was discovered at an early stage of this work that
veEy Tow Tevels of 504'2, which can still be Teached from glass
aftéf previous cleaning of a cell with 98% H2504 even after
multiple rinsing with pyrodistilled water, would Tead to problems
‘when oxide formation on Au in HC]O4 solutions was studied. The
adsorption of the remaining traces of 80.4'2 ion was on]} eliminated
by repetitive boiling of the cell-and all other glassware in’
several éhanges of pyrodistilled water.

These procedures enabled it to bé demonstrated that
effects of 564-2 ions are important even at.concentratipns as low

8_10-7

as 10~ M with regard to interference in oxide film deposition

at Au from aqueous HC]O4 solutions.
' Also, after the sensitivity of the system to all forms of

impurities was appreciated, all work was conducted in a N2-tent.

All so]utiéﬁifused were deoxygenated by bubbling a slow
stream of purified N2.299.95% pure as supplied in cylinders)
fhfough them for 30 minutes. The N2 gas was purified in a conven-
tional gas 1:ra1'n]76 which consisted of molecular sieves (BDH
type 4A), dried Mg(C104)2 as desiccant, Cu turnings at 623K
(periodically regenerated by'heating in purified Hz) followed by
three activated charcoal trap; cooled by liquid NZ'
4, So]ﬁtions

The purest commercially available H SO4 and HC104

2
~ (BDH AristaR grade) were employed, without further purification,

to make up experimental solutions. The limits of impurities in
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the olution were very rarely traced e acid supply (note that
the/acid reagents are diluted by at 1¥3st-50 times in making up
rimental solutions).

The starting material for NaOH solutions was Fisher

K0 with carbonate = 0.5%) rather than NaOH, was
order to depress the carbonate concentration,
- . taking advantage of the low séﬁubility product of BaCO,

' (Ksp[BaCO3J =\E.T x 1072 at 298K). The Ba(OH)Z‘was recrystal -
lized #ﬁidé from boiling, saturated pyrodistilled water under N2

was stored under Né. Test solutions were preparéd under'N2 and
were eventually boiled under N2 before use.

Na,CO5 and- Na,B,0., used in this work, were recrystallized

twice from pyrodistilled water.

Temperature Control

The effects of so]ﬁtion temperature were studied by
immersing the working compartment of the cell into a 10 liter
water bath where the temperature was éontro11ed to + 0.5K by
crushed ice or by a Haake E52 circulating water heater. The cell
was arranged so that the reference e]ect?ode Qas inside the ‘water
bath, maintained at the same temperature as the working electrode.

The form of i !§_V profiles on Au is very sensitive to temperature,

4
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probably due to temperature-dependence of anion adsorption.
5. Electrodes
Working, counter and internal reference electrodes were
made from Au wires of 99, 999% purity, using Johnson Matthey'
"Grade 1" Au. Aﬁpropriate Tengths of these wires, of diameter
0.51 mm (0.020") were first degreased overnight in refluxing acetone
in a Soxhlet extractor. After short lengths of Au were flame
welded to much longer Ag electrical-contact wires, a drop]ep of
(Pb-free) soft-glass was melted on to the Au wire and sealed into
‘ the end of a soft-glass tube, typically leaving 10 mm of Au wire
protruding beyond the end of the tube. The Ag-Au contact was at
least 2 cm above the glass seal. The soft glass had been previously
cleaned Tn fresh concentnﬁHéd chromic acid solution and rinsed
thorough]y with pyrbdisti]]ed water. The degreased Au wires were
hand]ed only by means of- ¢leaned p]at1num t1poed forceps. The
completed electrodes were washed and stored in fresh concentrated
. HZSO4. '1 )
Counter 1¥§ rodes, and internal reference electrodes
iwhen required, ‘were made of the same Au material also prepared in
the manner &escribed above for the test electrodes.

The use of large area Pt counter e1ectrode§ or Pt wire
counter e1§ttrodes with Au working electrodes has been found3 to
cause contam1nat10n of the Au-electrode with Pt155 177, présumab]y
because Pt is dissolved at the counter electrode and redepos1ted at

the working e]ectrode120 178 - .

—

Reversible hydrogen electrodes (r.h.e.) were used as




. (1.350 V) attr1butab1e to equ111br1a 1nvo1v1ng Au/Au,0

=47 -"n

referenice™rlectrodes throughout_the work and all pétentials are
reporzzgh;jth respect td this electrode in the same solution and
denoted by the scale “EH“. They cdnsisted of tightly-folded
layers of woven Pt gauze platinized according to the procedure of
Feltham and Sp1ro]79. Potent1a15 were checked from time to time
amoqgst several electrodes s1m11ar1y prepared. Electrolytic H2,
further purified as described in refs. 55,176, was used for the H2
reference electrodes.

Even though very small charges are ﬁssociated with
monolayer surface processes (typica]1yI100 - 400 uC cm'z), quite
high currents can arise 3uring potentiodynam{c sweep experiments
at‘swéep rates of the order of 0.5v s—],and.breatgr. This cén
introduce significant ohmic fiR“ errors between the working electrode
and the Luggin capillary of tﬁe Pt/H2 reference electrode. In
addition, the impedance associated with the reference electrode
side tubing and stopcock are such that serious potential osci]latioqs
can result at elevated sweep rates. Errors associated with thesé
effects at sweep rates > 0.2 V s'] were avoided by using as a
reference the potential of an "interﬁal" Au electrode {in the éeT])

similar to the working electrode. This wire was placed as close

to the working electrode as possible. The potential of this

- "floating" reference electrode remained constant to within = 2 mv

over periods of many minutes when a small amount of oxide (ca 1 - 1.5

monolayers) was first deposited on this electrode. The resulting
-

"stable" potential occurs in the reéion of the natural rest potential

7 180
273

.
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The potential scale for all current vs potential curves was calibrated -
from the sweep reversal potentials, (using the internal reference

L, electrode potential) which were always measured against the external
Pt/H2 reference electrode. ‘ | '

6. Types of Potential Programs

Throughout this worg, a variety of potential-time programs
was employed. They were designed in response to an evolving
understanding of the features of the oxide formation process, and
what properties of these processes could be fealistically measured

. and evaluated. Fortunately, the Tacussel function qenerator . N
provides sufficient capability fo construct complex prdqramS'
enabling the surface brotesses to be studied at varidus sweep rates

1 1 i

ranging from 0.0005 V s™' to 1000 V s~ within cémp]e; brograms

containing fixed potential holding periods ranging from ]0'45 to

2

\d 1035 or more. . _

The general types of potential-time programs used in this
work, and how these programs permitted investigation of the different
states of surface oxidation of Au after allowing them to be distin- .
guished, are.brief]y summar{zed below. Additional information
coﬁcerning {ndividua] experiments is presented with the relevant
experimental data and discussions in chapters which follow.

’ a) ‘TES single or repetitive 1inear potentiodynamic sweep
mode , Figure 2-5a , permits evaluation of the general features of
the surface oxide. formation and reduction processes in terms of

resulting i vs V profiles which can be obtained over a wide range

of sweep rates. The latter variation of conditions provides
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information on the kinetics and reversibility of the processes

involved. X .' ‘ )
b) The potential 1imit of éﬂsweep (such as that shown
in F ure 2-5a) may be maintained for controlled periods of time
at su1ﬂab1e positive values in order to evaluate the k1net1cs and
nature of oxide film growth at given l)iei potenfi%]s as a function

of time (Figure 2-5b). The charge associated with oxide growth

during such "holding" experiments is determined from the subsequent

"~ cathodic sweep in which the oxide is reduced. The resulting

information is useﬁ to construct isotherms and establish rate
%;ws and kinetic equations which represent the experimeqtal
behavior. _

c) THe program of Figure 2-5¢c provides a means of
following the effects of variable extents of adsofption of anionsr
in the déuble-1ayer on the 1nitfa1 stages of surface oxidation of
Au. By taking a cathodiclsweep to various values V2 and with

various times (TVZ) of hdiding the ootential constant'at QZ
(where V, > potential of zero.charge [p.z.c:j'> Vg), the extent .
of anion adsorption can be varied and its effécts in a subseqﬁent
anodic sweep taken to V] in the region where the initial stages .
of ox1dat1on of the Au surface commence, can be sens1t1vg?y

followed. Thus, with or w1th0ut a period of h01d1ng at the cathod1c /\

. eﬁd-potentia] VZ’ the effect of not having crossed the p.z.c.

J

" during the cathodic sweep after ox1de reduct1on during that sweep,

and, thereby not having expelled anions from the doub]e 1aypr—

in that cathodic sweep can be evaluated. v

d) The patential-step type of "holding" program
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- evaluated at constant potential as a function of that potential{

\ ~._’ -5 - .. | ) .

(Figure 2-5d) was developed after the data of several experimen;s
had been examined. gxide growth is allowed to proceed for a controlled
period.of time at a suitable positive potential (V]) and the charge
associated with oxide growth dnder these conditods is measured in

a relatively slow reduction sweep at 2.0 V s'] over a potential
raﬁge V2 to V3 The growth potential is approached very quickly

in a rapid (200 V s 1) 1n1t1a1 anodic sweep in order to minimize
the time spent during the sweep itself at'oxidizing potentials,
1.e. at potentials abovethat at which onset of oxide deposition
occurs. Similarly, the initial section of the cathodic.sweep-is
carried out very qufckiy (200 V 5"1) until potentials are reached
at which the oxide begins to be reduced. . This also minimizes any

LY

time spent in the cathodic sweep over a potentiai range whare the
oxide film can continue to grow before electrochemical reductio
commences, viz. where the current signal crossee*the zero curre::\\
line. a

e) The program of Figure 2-5e allows eva]uatfon-of the
kinetics of 0x1de reduct1on (as opposed to those of ox1de formation
measured by 2-5d) thnough the use of a program which permlts the

formation of oxide at any apnropr1ate sweep rate up to any

appropr1ate anodic end potential, 1. The oxide thus formed is

' reduced to vary1ng degrees in a subsequent cathodic sweep taken

up.to some (variable) potential at which reduction of oxK?e becomes
observable. Maintenance of such potentials (V2) for contablled

periods of time allows the kinetics of oxide reduction to be

-
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Under opt1ma1 conditions, the kinet1cs of changes of 1nd1v1duaf
states of the oxide film corresponding to resolved peaks n the
1 vs V profile for the reduct1on of the film are resolvable.’

. S A .
f) The program of Figure 2-5f allows the effects of

aging of the oxide to be evaluated. After the formation of the

oxide: film under suitab]ei%tariabie buf controkled) conditions
at a potential V1, partial reduction of some (variable} amount
of that oxide occurs in the potential raﬁge V] to V2, followed

by re-oxidation from V, to V. This partial reduction and

‘'subsequent re-oxidation is a1]0@ed to take place a controlled

number of times. Then when the total oxide is finally reduced
(after tz) a very different i vs V prof%]e is obtained than would
have resulted from reduction after t]. Under these conditions,

the growth of oxide is observed while some initial surface oxide

already exists on the electrode and serves as a basis for con-

.(gffgfffloxide growth. It is found that under conditions in which

the final i vs V reduction profile (after t,) is different from
the 1nitia1 one (obtainable at t ) a hysteres1s effect is involved
in which tﬁa first portion of oxide removed in reduction down to

some res1dua1 oxide coverage 62,15 not identical with that oxide

deposited in the return anodic sweep back tQ.V1. An aging of r\\} .

the oxide is induced, in which oxide growth and reduction'procéed
quite differently and apparently in a preferred manner.

7. Determination of Actual Surface Area of the Au_Electrodes and

Their Coverage by 0 Species

Owing to the variable surface roughness at most electrodes,

-
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{ it is not practical to estimate real areas from geometric areas.

~_+

. Real areas of Pt electrodes are, however}‘easi]y calcuiated from

tﬁe measurable accommodation for electrodeposited H]B]’182 in a
‘ﬁono1ayer but this method is not.applicable to Au. ‘
The corresponding charge required to deposit a meno-
Qalent ion on‘évery surface atom on a polycrystalline Au

electrode {200 uC cm—z) could be obtained by multiplying this

figurey By the ratio_of the squares of the atomic radii of Au

. and Pt. Because of the absence of an "internal" stand
Au é1ectrodes based on H accommodation, a means of eyaluating
electrode areas from the discharge of 0 species must)be utilized.

The real areas of Au'e1eétrodes were deter ined;accdrding

- to the method of Michri, Pshchenichnikov and Burshtei who

found that the oxidation charge be]ow the potent1a1 of the well-
def1ned current minimum (desxgnated QB) 1mmed1ate]{/p cedjng 02
evo]ut1on in 0.5 M H2504 was 400 uC per real cm2 ich is a%gamed183
to correspond to deposition of a monolayer of O ‘species.

These aufhors obtained calibration data\for the Au

~
e1ectrode areas by means of B.E.T. measurements. Thefr\gonc1usion

about the charge for qgﬁolayer oxidation by O species was sRown
to be valid over a wide range of temperatures and sweep ratgs, and

Ces - . . . 3
has been verified by recent work im this laboratory A[though

this method-was devel%ffg,ior.use in aq. H,SO appears to
- ?

*
have general app11cat1on to oxide formation on in various media

’

where a current m1n1mum, apnarent]y correspond™g to monoIayer

oxide coverage, is always ohserved_immediate]y preceding the

RV

TN
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potential at which 02 evolution currents are observable.

Thus, oxide coverages and electrode areas can be
calculated f?om graphica] integrafion (weighigi‘fjne paper:
accuracys+ 1%) of the i gé:v.prqfi1e§, setting OB = 400 uC ;h'z

(corresponding to one monolayer of.oxide counted as a 2-e1ept}on

"0 speéieé). Double-layer charging currents were subtracted on

the basis that they would be app?oximate]y the same on the O-

covered surface as on bare Au.
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CHAPTER 3
"RESULTS AND DISCUSSION

Genéra1:Features of i vs V Profiles for Deposition and Reductipn of

0 Species on Au N i
The stages of format1on of an oxide monolayer on Au or other

noble meta]s, which are distinguishable in potentiodynamic sweep experiments,

/N

vary considerably depending on the type of eleétrb]yte in which the oxidation
‘is carried out, especially when different anions are present. Both
- temperature and rates of potential change in é sweep experiment have dramatic
effects on the i vs V profi]es observed. A]so the value of the potent1a1
of zero charge usually has a smaller, though qu1te str1k1ng effeét
In a general way, the structure cbserved in the i vs V profiles
for cathodic sweéps taken from polarizétion to a given anodic potential, VA’
giving rise to surface oxide reduction, provides an indication bf the state(s)
of oxidation of the surface achieved in the previous anodic sweep up to V
This relationship cannot be treated r1gorou51y, however, due to the varying -
irreversibility. of var1ous states of oxidation of the surface that are
observed.
From the kinetic and'mechanistic‘poiné of view, the general form

of\i vs: V profiles in cyclit-voltammetry of electrode surface processes

ch as monolayer oxidation of Au depends on a) whether 1 or 2 e1ecthq§J'

adsorbed particle are transferred; b) whether, in the resulting ad-layer,

Tateral repulsions or attractions in the 2-dimensional lattice are significant;

c) ther the préﬁess, at a given sweep rate, behaves in a kinetically

reversibi
surface film proceeds by a mechanism bf nuc]eatibn and gfowth (nucleation
of holes in reduction) and'e) whether 2 or more consecytive steps. are

involved in the surfaceaprocegiﬁye,g. deposition by electron transfer
\’ ) l . N - ] o

9

way or not; d) whether the'formation or reduction gf a two-dimensional

N /
’
\
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coupled with a lattice rearrangement step; if so, then the rate constants of
these steps, relative to one another and to s, determine the shapes of the
i vs V profiles.

Diagnostic criteria for most of these effects were worked OUE) .
quantitatively by computer simulation by KHnger‘m4 in a hrevious thesis from
this Taboratory. A summary of his findings 15'given in Literature Table 1

(see below) for such gquantities as the half- width AV]/Z, of i vs 'V profiles

(giving the lateral interaction parameter, g, in a Frumk1n tyDe 1sotherm]59)

the coverage, OP, at the capacitance peak, CP, and the change of C

(measured as i/s) with sweep rate as the process changes from a condition of
klnet1c revers1b111ty to irreversibility as s > So° the 11m1t1eg max imum
sweep rate for which the process just remains reversible.

Literature Table ]

Characteristic Quantities for Reaction M+A == MB+e (g=o

for The Adsorbed Layer of B) Under Potential-Sweep Conditions
 ad

’

. - | .
Parameters .CP('TP/S) AV]/zd GB,p dVP/d 109 K
(Farad cm'z) (V) k
Value for reversible 2.14x1073 o.ogij 0.50

conditions ) ‘
Value for irrever-  1.57x10"3 0.126  0.63

sible conditions

.
v
—

Simulated types of behavior of a le surface process coupled with a-

chemiea1 (potential-independent step) were also- derlved these ca]culat1ons.

show how peak shapes and peak he1ghts change with 1ncreas1ng s\fg:\a 2-step

reactlon in relation to the behavior of a 1 step reaction. These differenees

of behavior can be identified experimentally qu1te easily. Examples of the

s1mu1ated behavior for the two main types of cases are shown in L1terature
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Figures 1 and 2.
: \ N 2
In the present work, these results are ib?ortant since a) lateral

159

interactions (the g factor °°) and b) 2-step chemical- e1ectrochem1ca1 {or

vice versa)} reaction sequences are 1ikely to be involved in surface

%
Hxidation of Au, e.q. where lattice rearrangement of deposited O species

" js coupled with_the electron transfer and 0 atom deposition (or desorption)

- >
steps. The diagn th criteria of various kinds will therefore be referred

to in a -humber of places in the ensuing discussion in this and other

chapters whiqﬁ follow.

1. Kinetic Irreversibility in the Experimental Behavior at Au

’ Usually the e]ectrothemical surface reactions observed on noble
metals in the oxidation d1rect1on of potent1odynam1c Sweeps are found to
be rap1d, i.e..the processes have large anod1d;\ate constants or reversibility

: -
parameters, S, 185. However a fundamental feature of the i vs V profiles

.for Au is the1r "kinetic irreversibility".

\_-

F1gure 3 1 illustrates this feature of the behavior of Au
‘ e1ectrodes in a saturated Ba( H)2 solution. \The sweep rate has been

.stead11y diminished from 0.050 V s -1 down to 0.000S'V'S'] (0.5 mv s_])

whjch is epproximately the Tower Yimit of sweep rate at which i vs ¥V

profiles may be practically recorded.

3

two predominant features of k{netic irreversibility ‘are apparent;

. T2y
Even in the best, practically attainable, clean solution,,the

a) the peak potentia]s for both the oxidation and reduction

. are not independent of sweep rate, i.e. the oxide format1on process (for

example) is still occurring at a significant overvo]taqe (Tow s ), and

~

! .

-
PO R SO
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| 0.2 M Ba(OH),
‘- © ——0.5mwss
. | =1 mwss,
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‘F?gu;'e' 3-1~ Potgritiodynamic current-potential profiles at-Au 1‘nvo‘lv1'r-19 a series of.
"»f; ' sweep. rates in 0.2 M Ba(OH)z;' T = 298 K. ' -
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b) even at the slowest sweep rates employed, the charge required

for oxide film formation does not become independent of sweep rate.
STow processes are‘therefore occurring as they so at Pt. Also ’

"¢) even at the slowest sweep rates that are pract1ca1]y usable,
the anod1c i.vs V profile is not, and does not approach a m1rror image
of the cathod1c i vs V profile as would ar1se]39 if the processes were
reversible. This is probably because the anodic and cathodic pathways
of the reaction are not simply the reverse of one ahﬁfﬁér and an irrever-
sible change of state assoc1méed with place-exchange of the system

occurs after the 0 species hése been e]ectrodep051ted

2. Features of i vs V Profiles for Au in Var1ous Electrolytes

P In order to discuss the effects of ion adsorption on :

-_surfaée oxidation processes at gold or other noble methods, and

eventually to consider the kinetics aﬁd ﬁechanisms‘of these surface

processes, it will be necessary to illustrate a series of ivs V

profiles recordéd in several different media. p

f

" Regardless of the nature of the cations or anipns.of the
electrolyte in which the.SuEface axide formatfbn and reduction is

carried out, some important general features of‘the resulting i vs V

profiles are common; in particular, a number of distinct peaks

‘“corresponding to distinguishable states of the film are apparent 1in

the ox1de‘!ﬁmmt1on and espec1a11y in the subsequent reduction of
" the oxide films. These states are most easily observed when only

submonolayer oxides are formed and reduced. Some similar features_
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Varise in each medium and the behavior can be considered as génera]ly
representative of the_inftial stages of‘fofmat%pn and reduction of
oxide films on Au in all the media. The ions of different electro-
lytes exert, however, specific secondary effects, ‘significantly-
shifting the potentials of the genefaI]x observed differént states
of oxiQatidn according to'the'strengt@ of adsofptioﬁ of the ions..J

. ’ It will be shown that the general features of i vs V

profiles are determined by:

a) the competition between the onset of surface oxidation

v {//W and pgtential-dependent anion adsorption;
- 'l..b) . the potential at which this commencement of surface
e oxidation occurs;
) v . c) the spgéific adsorption tendency of the ions (which
- SI also depends on potential) . " A
and, at a later Qtage in the oxidation process, -

P

d) the influence of these ions on the kinetics of any -

-

.'i x" post-electrochemical reactions, suéh‘as rearrangement of the
. ,_. O/Au sub-monolayer 1att1ce or place exchange which occurs
| /ﬁetween Au atoms and deposited OH and 0 species, Jdeading |
to their stab111zation.
e, - In what follows, stages of oxide monolayer formation and

reduct1on which can be distinguished in several media (acid and
alkaline), w111 be discussed. Special attention ﬁ?*q‘be given to
the effects of.ion adsérption/desorption-on )

a) the onset of oxide film formatibn, l - ,
b) the influence of these ions and other condi}ions ;n the™ o

kinetics 'any post-e]ectrochemicalﬁsurface reactions and on

-

Y

eptae
-



strongly adsorbed on Au -than perch]oratez, were‘sufficignt to

. The solid line curve of Figure -3-2 is obtainedsin HC10, solution

Lol d
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*

the observed dgvelopmeni of several distinguishable stages of |
reduction of the film and

é) on:ihe hysteresis observed between oxide formation and reduction,

i) Effects of Traces of Sulfate lon c A

oy

In early experiments, the effects of anions were &

investigated in a series of HClO4 solutions in which the 6104-

2&%

anion concentration was varied from 107°M up to 1M (10'3M, 107
0.1M, 1.0M). It waé.discévered that the inftial oxidation peak'could
be made to appear at potentials approximately 50 mV less anbd{éuthan;
in early experimenfs in which thé role pf traces of 504'2 Had.not, *
at that time been appreciated (see bequ). The results- of these ‘
experiments showed that even after the usual elaboraég procedures

of rinsing cell glasses prior to each experiment, trapgs of sulfate
(from the H2504 c1eanind éolution) were evidently 1eachgd from the
walls of the cell over periods of time-of 24 hours or more. Further-.

more, it was found that these traces of sulfate, which is more |

 ‘displace the.initial stage of oxide degzzj;j;ngositively by~60 mV

when present in concentrations as Tow as | ~ 10 BM.

- 3

Figure 3-2 shows the effects of 'clrace-.';_m’-SOa‘2 on the = -~ -

[

iy vs V profiles‘for formation hnd reduction of the oxide film on Au

in 0.1 M HC10,. The serjes of curves in this figure show the -

remarkable sensitivity of the Au electrode to effects of traces of

504’?'(6r HSOan)‘ion on the potential for onset of surface oxidation.

8

whenever 504'2 is present "in concentratfons exceeding ca 107°M,

) . o~

-

-
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Under these conditions, the initial stage of depo?iton of 0.species
has a peak potential of 1.350V EH' : |

The dashed line profile shows the behavior observed when
fhe special steps described in the experimental section are intro-

duced in order to reduce the level of;soq 2 remaining residually
after aéid cleaning ‘treatment of the cell and solution containing
vessels. Under these. conditons gthe first stage of oxide deposition
has a peak potential (OAZ) of 1.300 V vs HE/Pt.

The dotted curves in Figure 3-2 represent charactqristicw
“transitional prof%les‘whiph are observed when adventitious quantities
. of 504_2, although still very smail, aﬁg high enough to effect a
partial blocking of oxide deposition, dépendent on stirring
conditions. In the presence of 504_2, the almost reversible stage
0A1 is suppressed.

An important observation was that profiles of this type
could be transformed into profiles of the dashed-line type
characteristic of a cleaner solution, when e.g. reduction of the
agitation rate, use of boiling water procedures for cell cleaning,
or replacement of the experimental solution with fresh stock solution
after overnightgsoaking of the cell with the given experimental -
solution. The}atter two procedures facilitate leaching and removal
of 504'2 from the glassware.

Additions of H2504 in trqce quantities to HC]O4 solutions
of known purity produced profiles of Ehe solid-Tine type (Fig. 3-23
and established the lower concentration level for the 50;u2 effect

7 to 1078

as approximately 10~ M.

RELE AR VUT PSRN Y . N T I JADCT SRR Y

- i



X
.» - . - " - 66 -

The effects of traces of 50472 at Au as shown in '
Figure 3-2 have a fundamental bearing on the signifﬁcénce»of oo
multiple-state deposition of oxygen species It is seen in the
figure that increasing concentrat1on oF/su]fate species causes’
the first peak, OAZi to be lowered but increases, by an equivalent
quantit}, the 0 species deposited in the next peak OAB’ but without
a concomitant change in the‘respecpive‘peak potentials. Thus, there"
is not a progressive displacement of thm peak to more positive
potentials, as might be expected, but an apparent ”interchangef of!
material between two states. Indeed,.this is demonstrated- by the
appearance of an "isosbestic" {isopotential) point. Very similar
behavior is found in the effects of small concentrations of hi11de
mns]86 or in the presence of C]Q anions, adsorbed or desorbed
by a negative potent{él excursion, on the rediétribution of H amonqst
the 4 or 5 chemisorption states observedT87’188 in clean dilute
solutions at Pt.

This result emphasizes the impertance of ions in determining
the potenti;ls’at which the early stages of oxide devosition are
observed.—‘Thus, the rigorous experimental procedures used in this
work and the resulting new iéye]s of purity attained, aliow study
of these surface processes at soTution purity levels not previously
possible nor thought to be important for the éomp]ete understanding
of the system. On the contrary, at Au, the present work shous that
the presence of certain trace ionic impurities can q1ve r1se to

seriously misleading behavior,

3. General Cha?écteristics of the i vs V Profiles

The general features of the current-potential profiles

N
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!' t
for electrodepos*tion of O-species (see Chapters 4, 5 and 8 for
reasons why "0" rather than "QH" species are considered) on Au

from 0.05 M H2504 and 0. 1 M HC1O4, 0.1 M Na2C03 & 0.024 M NazB 0

-are shown in Figures 3-3 and 3-4, In each of these d1agram5, a

family of 1 vs V profiles has been generated in which the end potential
of the anod1c sweep has been increased progress1ve1y to more positive

vaiues in successive sweeps. In this way, the evolution of the distri-

-bution of peaks (or states of surface oxidation) s followed as a

‘ function_of coverage for the given experimental conditions of sweep

rate and temperature.

The hysteresis between formation and reduction of oxide
species is a familiar and striking featﬁre‘of the behavior and is
accentuated by the strong adsorptién of anions Equiva]ent'quantities
of oxide are reduced at only much less pos1t1ve potent1a]s than
those ‘at which the oxide isg formed. In addition, it is evident from
the coverage vs potential plot of Figure 3-3 and from the Shape of
the i vs V profile in Figure 3-4, that ox1de Coverage does not increase
Tinearly with increasing potential even though oxide is formed over a
relatively broad range of potentials, but rather several stages of
oxide formatign contribute charge over different distinct potential
ranges.,

Although the onset of oxidation in sulfuric acid solutionsg
occurs at potentials £a 50 mVY more positive than in perchloric acid
solutions, and although potential changes depend systematically én
swieep rates and temperatures employed, various surface bonding states

of O-species on Au are easily recognized and resolved in the i vs ¥

R
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Finure 3-4  Potentiodynamic current-potential profiles for Au at 0.050 V S_]
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298 K taken to a scries of anodic end potentials in

(a) O..Al M HCiO4 ‘(b)‘0.1 M Na2C03 and (c) 0.024 M Na28407
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préfiles for the various solutions studied. -

Foé these reasoné, and -to simplify greatly discussions of
these broperties, simpTe designations for each of‘the distinct
peaks obsérved will be introduced. The abbreviation; 0C1’ OCZ’
Ocz’, etc, designate states of deposited O-species re;olved 1n‘terms
of their reduction in the cathodic sweep. SimiTar]y: OA]’ OA2; etc.;
are used to designate the corresponding states which can be d{stin—
guished in the anodic sweep. The numeric subscript represents the
order of appearance of these distinguishable states as the potential

. A i
Timit in the anodic sweep, and simultaneously the oxide coverage is

increased. It is important to note that all these states which are

resolved correspond to coverages of oxygen species {taken as 0)

less than a monolayer.

\ R

'Y

Much evidence indicates that the variet§ of stages of
surface oxidation resolvable on Au is greatet tﬁan on the other
roble meta]s129. Figure 3-5 jllustrates i ZE_V\ProfiTes which
show good resolution of the submonolayer stages ogloxide film growth
referred to above. Comparison of these four profiles shows the electro-
chemical behavior of these states for quite different conditions of
oxide coverage and relative contribution of the state in the overall
deposit.

The successive distinguishable stages of oxide £ilm qrowth
are exemplified in Figure 3-5a-d:

i) (Figure 3-5a) States 0C1’ OC]’, (and OA]) appear first.
The current peaks corresponding to these states refer to a first

formed, reversible stage of surface oxidation; in 0.5 M HZSO4 and
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Au:lOM HCIO, s=200 Vs
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Series of potentiodynamic current-potential profiles for Au in 0.1 M

HC]O4 showing development of several current peaks for reduction of
submonolayer coverages of oxide; 293 K (a) reversibie reduction in OC]

at 200 v s_] (b) growth of oxide at constant potential of 1.49 V for

1077, 1073, 1072 5, 5 = 200 y <7 -
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of oxide at constant potential of 1.50 V for 10 s, s = 2.0 V g-1
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4 : X
are distinguishable only at low coverages

1.0 M HC10, thess sta
and high sweep rates.

In slow sweeps, the OA1/0C1 state is only observed in
solutions of relatively weakly adsorbed anions as e.g. in 0.1 M
HC]O4 (Figure 3-42) or in very dilute solutions of other salts. In
H2804 soiutions, the initial stage has a much smaller charge and can
be resolved only in very fast sweeps (ca 10 V s_]). This indicates
that strongly adsorbedlénions {e.q. 504_2) increase the rate of the
post-electrochemical process of place-exchange as suggested by the
earlier (in terms of coverage) appearance of the peaks formed after
OC];(i.e. OCZ’ OC3’ e.g. see Figure 3-5b).

Studies in more digute solutions (1072 M and 107

M HC]OQ)

have verified that these current peaks correspond to development of

the surface oxide in states of low coverage, <_O.1 monolayer. However,

in these dilute solutions, it is possible to observe these peaks at

sweep rates that are orders of magnitude lower than‘those_required

for resolution of these states in the more concentrated solutions,

for which it appears that these stafes‘are not observed or are prevented .~
from being distinquished by the presence of anions adsorbed at thg

Higher concentrations of electrolyte. Extremely high sweep rates are

required to "catch" the OC] process., i.e., for it to be ma ifesteq as
a resolvable peak. -

1 This is a result. of anion adsorption effects in electrolytes
at"dderate concentrations. Such effects can be circumvented by use
of electrolyte solutions several grders of magnitude more dilute.

Then sweep rates correspondingly lower in magnitude can be used for

examining the influence of the anions on the oxide formation and
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reduction processes. In‘this way, Oc1 peaks may be observed in these
dilute solutions at sweep rates which are orders of magpitude lower
than in the more concentrated so1utﬁons. In such dilute solutions,
the total or saturation coverage of oxide species cqrfespondinq to
OC] is npt changed by-mofe than 20%, comparéd with its coverage in
the stronger solutions. This fact must be taken, in conjunction with
the sweep rate effect described above, as evidence that this state
is not sensitive to the anion environment {i.e. concentration), but,
rather, is affected by the rate (or more properly, the pseudo-equilibrium
established) at ;hich adsorotion of anions is re-established in the
inner layer after they have beéﬁ expelled in the previcus cathodic sweep
taken to-potentials more negative than the p.z.c. (see section on Ion
Effects).

The first, cathodic peak observed, OC]’ corresponds to an
almost reversible reduction of the first species formed anodically,
OM (see Figure 3-5a). It is only observed, however, if the anodic
sweep is allowed to generate only a small degfgé of surface oxidation
(OAT state) (Figure 3-4a, curves 1, 2} and if the experimental -
conditions (high sweep rate, low temperatures) are such as to render
and "post-electrochemical” rearrangement steps or\ion adsorption/
desorption processes slow in the time-scale of the anodic and
cathodic sweeps over this region of the potential range (cf. the

20)_

similar situation with Pt As with Pt, this initial process

involves deposition and reduction of electrodeposited 0 (and possibly
some OH) species that remain in a chemisorbed state (unrearranged) on

the metal surface in some array of minimum energy (cf. ref. 20) in

the presence of co-adsorbed anions.




species fwith resbect to co-adsorbed anions, the potential of the s

b
ss 0 1/0C1 on Au varies. It is about 150 mv more positive

in 0.5 M H2504 Ehan in 0.1 M Na2603. The charges of spegcifically
ad;orbed anions in the inner region of the'double-layer make the very
first stage of surface oxid@tion qnerqetica]]y more difficu;t due to
repu]sive’inieractions which such deposited OH or 0 spgcies would
experience with the adsorbed.anions (Figure 3-6).

ii) (Figdre 3-5b) An increase in the positive end-potential iﬁi
the anodic sweep, or with anodic holding at potentials where only the
OC] peak (and its satellite - see~below) is observed, causes the

appearance of the OC2 and OCZA peaks (Figure 3-5b). The experimental

behavior shows that a critical saturatipn level exists for deposition

of O-species into the OC]\and 07" (Fiqure 3-5a) states (which may be

1
different at different poggpgﬁ 1s) following which, oxide formation

S

charge*is apparently increase \iﬁ}ough build-up of species in the
Ocs (and ch) statfs. In M HC]O4 {Figure 3-5a-d), the development
of species in state 0C3 soon follows that in OCZ‘ as is observed for #1]
acid solutions. Even in alkaline solution, where the behavior of
these peaks may be quite different, the order of their appearance
1S conserved.»

i11)  (Figure 3-5¢c) (Expanded potential scale) If the overall
degreé of surface oxidation is driven to exceed the saturation
Timiting coverage by the OC]_species, the additionally deposited
O-species are-feduced in several different states at pofentia1s less

positive than that for OC1' After reaching its characteristic

- v
saturation coveraqe, the coverage (as charge) associated with the OCT
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state tends to decrease as overall oxide coverage 1s increased wh11e
simultaneously 1t5 peak potential moves sharp]y in the cathod1c
direction. This state appears to be unstable at these potentials.-

{and coverages), and a new peak for a state O3 (and 0C3’) becomes

- : il

. significant.

»

T iv) (Fiéure 3;5d) At higher overall coverage by O-species,
the coverages associated with the'OC2 and OCZ‘ peé@s also reach
satufation levels (1n the solutions d1scussed thus far) with OCZ’
coyerage bE1ng just a fraction of that due to O -~ Beypnd this
stage of surface oxidation, corresponding to approximate]y one-haif
a monolayer of deposited‘spécieﬁ (as Of, additional growth of surface
oxide occur§ exclusively through the 0C3 and OCB’ states, mainly

the former. Thus 0C3’ under most conditions, is identified as the

~

reduction peak for the state in which the main growing film is

reduced (or the main growth peak).

Peaks Designated by Primes

In all instances observed in this study, it appears that

~ the "primed" peaké (example, Figure 3-5a-d) are simply satellite

peaks of the unprimed states observed on the cathod1c sweep; they

exh1b1t 'similar behavior patterns. The species associated with primed-

-

peaks all reach séturation'Leve]s apﬁ?eciab]y smaller than those for
the corresponding main peaks, which (except fbr state OC3)’ also have
their own satura£ion levels. An obv%ous possib]g explanation 1is that
there fs more than one crystal face present on the electrode surfaces

héving its own characteristic ion adsorption behavior. This effect
- -~

is hardly detected in solutions .coptaining more strongly adsorbed

“anions. Rather particuiar conditions must generally be selécted in

é
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order to observe these peaks at all: “In the material which follows,
the main peaks are discussed without the need to consider the
s

states represented by primes.

i) Ion Adsorption & General Features

Figure 3-7 shows a family of i vs V profiles for Au taken.

on different electrodes in aqueous HC]O4 down to the 10wést'practica1
conceﬁtrafion, 0.001 M, that can be studied. As the anion concen--
tration is decreésed, the peak for onset of oxide deposition appears
at progressively smaller anodic potentials and there is a little
more over]ab between the anodic and cathodic profiles. This is due
to smaller C104' adsorption in the 0.001 M solution than in the
stronger solutions.

| With increasing concentration of HC]O4 small but signifi-
cant d1sp1acements of the OA? and OAB peaks arise; (dEp (OA3)/d log C =
0.014 V for H2504 and (dEp ( AZ)/d log C) = 0.006 V for HC104.
Closer examination of the families of i vs V profiles in

Figures 3-3 and 3-4 shows a common trend in the evolution of these

profiles as oxide coverage is increased in successive profiles. In

".acid solutions, the double-layer charging current is remarkably

constant on the scale of the oxidation currents observed and ref1eéts
a relatively constant and strong degree of anion adsorption. (On a
very sensitive current scale, or in a.c. measurements]Z], significant
potential-dependent variation of doub]e—]ayer caggzjtanée‘is, however,
observed.) Initial oxide deposition occurs in the éAl/O state but
-1s not easily visualized for all these solutions at the" 1ow _sweep
rates of Figures 3-3 and 3-4. The first oxidation state is 500N

followed by deposition of oxide species in a state which is subsequently

s el A e Fmd e i LA
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reduced in the OCZ and théﬁ in the 0C3 states. The 0C2 species
attains a satﬁration coverage, the level of whitch varies somewhat
with electrolyte. As oxide coverage increases, the Ocj peak
corresponds to the principal state in which growth has occurred;
that is, oxide at increasing extents of deposition (coveragei is
reduced in a subsequent cathodic sweep in a single state but with
proportionate increasing charge.

. In alkaline solutions, with.C03_2 and 8407_2 ions, several
features of the i vs V profiles are to be noted especially in
relation to the behavior in 0.1 M HC104, Figure 3-4a, and 0.05 M
H,50, , Figure 3-3 . The anodic i vs V profile for 0.1 M Na,CO, is
less well resolved and the reversible process OAI/OCI less apparent,
though the onset of oxidation is earlier. The potential of the
firsp peak {1.304 V)\indicateé that the state OAZ is not bjocked. In
comparison, thg«éﬁgd$c\1 vs V profile for 0.024 M Na28407 is even less
well resolved and theré\i51ev1dent1y a large effect associated with
adsorntion of 8407_2, presumably on account of the polymeric nature
of this jon. Onset of surfacg oxidation in this electrolyte is
displaced to 1.39 V, indicating that both the OA] and the,OAz}states
are blocked. In addition, the extent of hysteresis between the oxide
formation and reduction processes is much increased in comparison
with that in CO3_2 or C104_ solutions. A Toss of resolution in the
cathodic oxide reduction profiles follows the same\frend. It is
apparent that anions of the electrolyte not only block the initial

stage of oxidation {Fig. 3-2) and displace the potentials for onset

of surface oxidation (Fig. 3-7), but they also have an important
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influence on the state (revealed by the cathodic reduction behavior)
o? the oxide film that is generated in.their presence during the
cathodic sweep. This may be the result of a) the ion-dependent
overall field in the inner-layer during the course of the oxide film
growth, b) and/or thé result of the local fields of ions.adsorbed
on the metal surface during oxide film growth ("discreteness of charge"
effect) and c¢) anion adsorption in the compieted oxide film. These
noints will be discussed in a later chapter.

At this stage it is possible to state an order of competi-
tive adsorption of oxyanions with respect to tﬁe potént1a15 at which
lectrodeposition of Oxygen species at Au'can cdﬁﬁence by displacement

3“2 < €10,7 (0.000 < 0.01 < 0.1 < 1.0 1) -

(0.001 = 0.1 <1 M) < 8407‘2 (0.024 M)

of the adsorbed ions: €O

-2
SDq

The reduction behavior may be interpreted in terms of the
well kngwn hysteresis between the process of formation and reductiaon

-of thin aoxide fi]ms]7’55’56

due to the (physical) change of

state of the film as it is laid down. This occurs through a quasi-
chemical process of place-exchinge considered as a "post-electrochemical"
step in film formation a en as a “pre—e]ectrochemica]“Jstep 1H
redhctionzz. It 15-;;;;:f;:Q£hat anions will tend to increase

the rate of the post-electrochemical process of place exchange to

varying degrees through stabilization or destabilization of a transi-
tioqwstaté of the process. This will be explored %ﬁ‘@ubsequent

discussion after presentation of additional data.

4. Use of Alkaline Solutions

The logical extension of work on anion effects is to
- find a "reference" system in which anions are not involved in the

N
\\



- 82 -

oxidation processes, The §1ocking effects of anions suggest that
additional oxidation peaks at even lower anodic potentials might

be present if there were no anidn adsorption. Studies on this

question can be made in either of two ways:

. 1. Effects of electrostatic adsorption of ions depend

on the difference of potential between the point of zero charge (p.z.c.)
and_pﬁe potentié] for onset of surface oxidation. An attempt can

be made to find a system in which the p.z.c. lies at more positive
potentials than those for oxide deposition, then the initial stage

of oxidation will be less affected by anion adsorption. Use of

2

values ca 0.8 V more negative so that the potential range for surface

alkaline solutions shifts the H, and 0, reversibie potentials to

oxidation is effectively about 0.8 V Tess positive to the potential
of zero charge than in 1.0 M acid solution. Thus, experiméntsoin
Na2603 or NaOH should enable surface oxidation to be studied at
potentials substantially less positive than the p.z.c., so that
‘anion adsorption should be diminished.

2. Experiﬁents may be done in alkaline sb]ution, e.q.
NaGH, where the only anions present (OH™) are those directly
involvéd in the deposition process itself and which, at least at
Pt or Hg, are regarded as not being stronqly adsorbed.

This was the motivation for carrying out experiments in
1 M NaOH.
i) The Carbonate Problem

Unfortunately, the chemical NaOH cannot be obtained with

Tess than about 0.57 carbonate present. The anion sensitivity of
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the processes being studied is such that thesE‘Te els of carbonate

cannot be tolerated, particulariy since carbonate appears (cf Figs.

3-3 and 3-4) to be a strongly adsorbed which would then 1lead

to i vs V profiles in which the effects of adsorbed carbonate dominate.

Recrystallizations of NaOH were therefore required, though these

could be ontly partially successful if done in open air due to rapid

Cb2 adsorption by NaOH solutions. In aeneral, elimination of carbonate

from NaOH soTutions poses gne of the most difficult problems in
chemistry. Attempts to purify N;ﬁH early in the work were not
satisfactory, though the general characteristics of sweeps on Au were
recorded. ;

One method thaF was used to try to alleviate this probiem
was through the use of a nitrogen glove baq. In the recrysta]iization
processes, saturated solutions at 373 K were placed directly in the
N2 Eag to cool, in order to minimjze CO2 absorption.

In addition, amounts.of Ba(OH)2 were added to some
solutions 1.0M in NaOH in order to depress carbonate concentration

through the low solubility of Baco (KSD = 8.1 x 1072 at 298 K).

3
The net effect of these experimental modifications, coupled with

additional recrystallizations, was a gradual improvement from the

point of view of CO3 2 adsorption effects in the i vs V profiles

obtained.

Finally, it was decided to use saturated solutions of

 doubly recrystallized Ba(OH)2 itself, thus minimizing the effects

of CO2 absorption in a strongly alkaline envirenment. The sofubitity

of Ba(OH)2 at 288 K is approximately 0.2 M.

ks
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ii) Saturated Ba(OH)2

Use of solutions saturated in Ba(OH)2 provided valuable
first information on the nature of oxide depositﬁon at Au in alkaline
solution, and ed in several improvements in experimental
technique early in the work. Experimental procedure evolved to
the point where the cell was assembled completely under N2, with all
sweeps performed in-the N2 glove bag. The degree of cleanliness has
been improved to the point where "clean" sweeps for Ba(OH)2 solutions
at Au may now pe routinely obtained. Use of the nitrogen glove bag
has proven invaluable from the point of view of not only improving
the lTevel of cleanliness attainable, but also of prolonaing the life-
time of a clean solution before its ultimate contamination from the
environment. -

Figure 3-8 shows families of i vs V profiles for Au in

saturated Ba(OH)2 solutions taken at 0.050 V s_]. Fiagure 3-8b

3
profiles such as these that were obtained until special efforts were

shows a result for Ba(DH)2 containing traces of (0 3 1t was

made to eliminate residual traces of carbonate. These orocedures
involve, in additioﬁ to all the previously described techniques, the
in situ boiling of the solution in the experimental cell, the whole
apparatus being maintained in the N2 glove bag.

Sustained boiling of the solution under N2 eliminates CO2
and; aftg? cooling, establishes a low-carbonate pseudo-equilibrium.
When carbonate concentration has been depressed sufficiently, the
j !§_V-pfbfi1e of Figure 3-8a is obtained in the same solution and

on the same-electrode as that which earlier qave the behavior in

Figure 3-8b.
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Several features of these i ¥s V profiles should be noted, especially
in evaluation of the gffects of carbonate. Stfﬁcfure is observed

-in the 1 vs V profile in Fiqure 3-8a over the double-layer charging
region between 0.5 and 0.6 V and again at 1.05 V, coupled with a
general increase of currents over the double-layer region. The first
large peak for oxide deposition now appears at approximately 1.300 Vv "
(compared with 1.350 V when traces of (303_2 are present) and the
oxygen evolution reaction now commences méasurab]y at potehtiaTs above
1.50 V¥ {compared to ca 1.70 V}. |

The low, broad peak on the anodic sweep centered at approxi-
mately 1.05 V {prior to the main surface oxidation profile) is also
observed conjugately on the cathodic i vs V profile when the éotential
Timit of the anodic sweep is restricted to values below 1.20 V, i.e.;
the potential at which surface oxidation commences. This peak depends
very much on solution purity and consequently may represent an
initial reversible process, e.q. random denosition of nuclei, which
would be easily blocked by foreign ions.

Special attention was given to the development of the
various current peaks as a function of oxide coverage for the two
solutions referred to in Fiqure 3-8. The families of j vs V profiles
shgwn here enables it to be seen that, in the presence of carbonate

/ .
(F%gure 3-8hb), oxide qrowth proceeds giving rise to species reducibie
in states OCZ and OC3' However, OC2 appears to attain a saturation
LéveT and further overall deposition beyond this 1imit gives rise to

species which are reduced in the OC3 peak, i.e. OC3 corresponds to

the state in which the main growing film is reduced. This is just the
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‘ situation observed earlier in Figures 3-3 and 3-4 for'acid solutions,

However, in carbonate-free solution, a different growth mechan1sm is //—~
apparently involved. Figure 3-8a shows that it is apparent]y 0C2
that is the main, or "growth" peak, and that it is 0C3 that reaches
some saturation level at fairly low total oxide coverages. This is
totally different from the growth behavio} previously observed in
this work under other conditions. N
Figure 3-9 shows how the gquantities of species distinguished
in the OC]’ 0C2 ana DC3&4 regions depend on EA; the attainment of a
limiting coverage (calculated as O-species) by species in the OC2 state
is to be noted, as is also the decrease of 0C1 as O 1ncreases.
In contrast to the behavior in HCTO4 in Na2C03 (Fiq.

3-4b) the peaks OCZ and OC3 continue to increase to comparable extents
with increasing EA’ though it appears that OC3 ultimately predominates.
With Na28407 solution, intermediate behavior is seen (Fig. 3-4c) in
the cathodic i vs V profile: it is mainly peak 0C3’ h increases
hut 0C2 shows some progressive  enhancement; the component OCZ‘ is also
present.

¢ The observed Timiting extent of generation of the state
corresponding, in reduction, to OCZ in Figure 3-4a cannot be attributed
to the presence of a certain fraction of the surface in a different
plane of orientation from the remainder since the quantity of surface
4 is
replaced by Na,CO, or Na,B,0, (Fig. 3-4b,c) or Ba(OH), (Fig. 3-8}

oxide associated with the OC2 state can become greater when HC10

at the same electrode. However, crystal plane effects could account

for their behavior if it is recoanized that a given exposed plane
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can accept a more or less constant co-occupancy of anions and other
0 species but the relative amounts of these can depend. on the type

. . . \
of ion adsorbed and its concentration.

In the case of Au in Ba(OH)2 solutions, the development of
comparable quantities of species reduced in?the OCZ and OC3 regions.
is to be noted: In the purest aq. Ba(OH)2 (Fig. 3-8a), the 0C2
peak is predominant while in the C03_2 containing solution (Fig.
3-8b), the OC3 quponent becomes eventually predominant. This
behavior is strikingly different from that in HC]O4 or HZSO4 sodution

but is more similar to that in Na2603 (Fig. 3-4b). 1In the presence

of traces of 603‘2, the system behaves like that for acid or Na,CO,

solutions, with 0., attaining a Timited coverage of ca 0.40.
-Values of the limiting coverages attained by the OC2 state in varion
so]utfons‘are shown in Table 3-1. The value of the }imiting.coverage
for 0C2 %s hiqgher for less stronqly adsorbed anions and is lower for
more stronqgly adsorbed anions {e.q. 504_2). An important feature of

, is that, in CO3"a-free

solution, the critical state of the film required (cf refs. 189, 193) for

the anodic oxidation behavior of Au in Ba(OH)

onset of 0, evolution is afta}ﬁed some 150 - 200 mV lower than in

the (303"2 containing solution. This state of the film corresponds

to a degree of oxidation of at Teast one 0 on each Au atom. This
explains an important point in electrocata]ysi§ for oxygen evolution -
the state of the oxide surface as determined by anion adsorption can

be a major factor in anode performance.



%
TABLE 3-1
™
SOLUTION LIMITING COVERAGE
' - (as O species) FOR

ch STATE
0.5 M H,S0, 0.11 J
0.1 M HCI0, 0.16 |

|

0.1 M Na,CO, 1035
0.2 M Ba(0H), & €O -2 0.40

> 0.4

0.2 M Ba(OH)2
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1i1) Reversible Stage(s) in Oxide Formation at Au in

- Alkaline Solution

A striking feature of the behavior of Au.in a]ka{ine
solution is the appearance, over a broad potential range (0.5 - 1.2 V},.
of a reversible i vs V profile (Figure 3-8a) up-to the pétentia] (ca ’
1.2 V) at which the main surface oxidation commences, The -broad
region passesAcurrents much Targer thaﬁ those normal]y'fequired'for '_=}
double-layer ' charging (as seen below 0.2 V in Figure 3-8a). Thus the
tota]QchaﬁQg_associated with this region (beﬁweqn 0.5 and 1.2 V)
after a normal doubTe-]ayef charge has been_a]}owéd for, ig gg_ﬁS% '
of that éssoéiated with formation of an OH monolayer.

This re;u]t cant be interpreted either as due to formatiﬁn
of 352 of a normal dh monoTaye%'or formation of a full monolayer
of "OH" with an electrosorption valency v of 0.35, i.e., with OH
species as OH (]'Ui35)-. The 1atter‘seems nrobable and would be
consistent with the strong adsorption of OH deduced by Bodé et al]g]
and fof the unusually wide range of poténtiéﬁ§.over which the
;upposed OH layer is adsorbed, assbciated with repuTﬁion effects

In carbonate solution, a somewhat similar situation is
observed (Figure 3-4b), especially with currents beingrbbserved‘in
the usual doubie-layer charging region of the i vs V profiles that
are larger than those attributable to double-layer charging: 4

* Some insight into the nature of these currents may be

gained from Fiqure 3-10 which shows three i vs V profiles fér
a full monolayer of oxide taken in 0.1 M Na2503 at 297 K at a
sweeb rate of 0.050 V s .

FA

The first sweep, taken from 0.34 V

PR
)
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to 1.74 V, is similar to that shown ear1ier{in Figure 3-4b for
0.1M Na2C03. The former profile records the negligible effect

(in, comparison with that for 3-4b} of holding the end potentiéa.of
the cathodic sweep at 0.34 V for 10 seconds.

When the end potential increased to 0.87 Y, some dramatic
effeéts are observed. The onset of oxidation begins at 1.17 V
with the appearance of a fair]y‘bfoad peak up to ca 1.27 V. The
profiles then coincide briefly, but then thg usual bAZ peak is
diminished by roughly an equivalent amount of charge as that which
has flowed in the new peak at lower anodic potential. The profiles
then coincide until 02 evolution commences at 1.70 V. The apparent
transference of a certain quantity of oxide formation charge from
one state to another has been accomplished in much the same manner
as in the results or effects of qu'z adsorption (Fig. 3-2) for
su]fagg ion blockage of state OAZ in H6104 solution. It appears to
be a direct, transfer from one state to another and is not associated
with a progressive or blocking phenomenon.

There is 1ittle or no change in the i vs V profile observed
when the new pptentia] Timit of the cathodic sweep (9;87 V) is
maintained for 10 seconds. The effects observed aFé therefore due
to the change of end potential, and are not related to time effects
at these potentials.

It is tempting to try to interpret the changes in oxidation
peaks in terms of ion effects, and it will be useful to consider
the consequences of such an interpretation. ‘If the p.z.c. has

been crossed in both these sweeps, little difference should result

LT
*

b
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ip the i vs V profiles. If, on the other hand, the p.z.c. has not
been crossed in’ the sweep taken to 0.87 V but has been in the earlier
sweep to 0.34 V, then it would be expected that aﬁion adsorption
could be significant in the former case and diminished in the latter,
blocking the onset of surface oxidation in the former case. This
is certainly not consistent with the observed behavior. The p.z.c.
is Tigely to lie in a potential region somewhere within the potential
range aboye which the onset of surface oxidation has commenced.
These results lead to the important ponc1u§1on‘that the

relatively high currents observed over the potential region 0.34 v
to 0.87 V must be attributed to formation of some sort of reversibly
deposited and reduced oxidegp Thus, in the alkaline solution, when the
potential T1imit of the cathodic sweep is 0.87 V, a quantity of surface
oxide would still be residing on tﬁe surface in an unreduced state.

| A type of aging of this oxide evidently occurs, so that
once a potential of 1.17 V has been attained in a subsequent anodic
sweep, the residual oxide allows the onset of the main surface
oxidation process to commence via a different pathway than for the//
situation where reduction of the ox{de has been completed before
the next oxidation sweep is applied. The important feature, however,
is that the relatively high currents observed in alkaline solutions
over what is normally regarded as a “double-layer charqing" region
are, in fact, attributable to the presence of a reversibly depositable

and reducible surface oxide.
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5. Variation of Oxide Coverage Associated With Ion Effects

» The effects of adsorptiap” of individual anions (e.g.

C104-) can be demonstrated by obser :ng the onset of surface

oxidation up to 1.32 V (in HC104) in‘kathodic sweeps that have been
taken to various potentials nearer to or’ further from the p.Z.c.

i) Effect of End Potential of the Cathodic Sweep

Figure 3-11 illustrates the situation in 1 M HC]O4 at a
fast sweep rate of 200 V s'] for extents of oxide formation less
than 57 of a monolayer. Perchlorate anions desorbed in the cathodic
sweep at potentials negative to or near to the n.z.¢. have no time
to become readsorbed if the Fo]]éwing sweep is sufficiently fast
(5 x 10—3 s per volt). Conseguently, oxidation can commence at
lower potentials so that more surface oxide can be formed at 1.32 V.
However, if the sweep is taken only over a shorter potential range
(1.32 - 0.95 V), the anions are not desorbed in the cathodic-going
sweep. Consequently, hardly any oxide can then:be formed, and is
thus not observed (Fig. 3-11) on reduction.

Figure 3-12 illustrates the same effect in 0.5 M H2804
so]utfon, where onset of oxidation is delayed by the more strongly
adsorbed HSOQ" 1ou§ to approximately 1.40 V. The behavior for a
series of diminishing end potentials of the cathodic sweep is shown
in fFigqure 3-12 and it is evident and noteworthy that there is a
narrow potential range in whicﬁm;he effect of cathodic end potential
is most dramatic. The quantity of oxide deposited (and reduced) is
essentially unchanged as VC is increased from -0.016 V up to 0.398 V

but then, over a relatively small potential range {(Fig. 3-12b)

\-.



- 96 -

Au/IMHCIO,
s=200Vs~': T=3I3K

Q
(]
2
E <
pd
L
x
x ©
o
oL
(&
o
I
|._.
<
O
L | t l
0.35 073 095 .32
EyfV)
Mgure 3-11 Yarying extent of reducible surface axide at

Au formed at 1.32 ¥ ([H), dependent an
potential limit af orevious cathodic sweep
in fast sweep experiments in 1.0 M HC10O

5 - 200 Y s_]

4
. 313K




CURRENT/mA

Figure 3-12

ANQODIC

ANODIC

CATHODIC

CATHODIC

&)

©

0.0 0.26 0.54 082 107 1.44
Ey/V
0.998 1.073 1.44
|
£102 a&!’/‘i
1 =, A
sdadiieny 3 ‘-"

——

Varying extent of reducible surfacgvoxide on Au formed at 1.44.V (EH),

dependent on potential 1imit of previous cathodic sweep in fast sweep

experiments in 0.5 M H2804.

s =200 Vs~

], 293 K. (a) for a series

of cathodic end potentials; (b) expanded scale showing principal effect

o



R ’
(b L
- v

- 98 -

(0.998 v - 1.073 V), a quite dramatic reduction in oxide coverage

e s A st da s

is effected. This result is undoubtedly related to the effects of i
crossing, and then (overlsome critical potential range) of not
crossing the p.z.c. in the cathodic sweep after oxide reduction.

When a some&hat larger quantity of oxide has been deposited,
a similar effect is still observed. Fiqure 3-13 shows how-the
overall quantity of oxide deposited in several different states is
diminished as the end 1imit of potential in the cathodic sweep is
taken to more and more positive values in successive sweeps. Hhen
the oxide charge associated with a given cathodic end potential is
plotted as a function of that end potential (for-a constant anodic
sweep end potential), it is quite apparent (Fig. 3-14) tnat this
effect is most dramatic over a fairly narrow range of potential
(~ 0.45 V).

Such results must be interpreted in terms of jon adsorption/
desorption in relation to the potential of zero charqe at Au in each
of these media, and whether or not this point is passed in a qiven
sweep. "It would appear, then, that ion desorption must play an
important, if not major, role in the early stages of anodic
oxidation. Thgs anion adsorption is a critical factor in the
stability of metal surfaces to the onset of oxidation.

Fiqure 3-15% din 1 M HC]O& solution illustrates the
effect of varying the end potential of the cathodic sweep for a
somewhat larger quantity of deposited oxide. When the cg;hediF end
potential is increased from -0.186 V tg +0.736 Ql, a iyﬁstantia]
decrease in oxide deposited (and r;dqugl_yp to thg/botentia] of

e

1.421 V is observed. This is attributed to the increased steady-
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state concentration of ani&ns in the double-layer which exerts a
blocking action on the discharge of water to form oxiég. This
higher surface concentration of anions is a result of the p.z.c..
not having been crossed in the cathodic sweep and hence of anions
not having been significantly desorbed in that sweep.

The higher surface concentration of anions remaining
adsorbed may exert-a blockina action in physical (geometric) terms
and/or may exert such an effect indirectly by electrostatically
lowering the potential drop across the inner-layer. This potential
drop is the driving force fer discharge from water or of OH ions
to form oxide. The lowering of this potential cannot be too qreat,
however, since approximately the same distribution of oxide reduction
peaks is observed, rather than a situation where the states OCZ and
OC3\Rive been eliminated, with peak O¢q being hardly reduced (in
charge) at all. This latter situation is what is seen in studies

where the end potential of the anodic sweep is varied.

i1} Time Spent on the Positive Side of the P.7.C.

Additionally, it was found that time spent on the positive
side of the p.z.c. has important effects. These were investigated
using the more complicated potential-time program shown in Fiqure 2-5¢c,
page 49. This program enables the potential of the electrode‘to be
held first for various periods of time on the positive side of the
p.z.c. and then scanned to some limit on the anodic sweep: then back
to a new 1imit past the p.z.c. on the cathodic side, and finally
back to the anodic 1imit and then back to the holding potential

(Figure 2-5c, page 49). “This affords the opportunity of dbserving
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in a rapid "back-to-back" fashion the‘gffects of traverginq the
poten£1a1 of zero charge.

The effects appear to Be cumulative, as Figure 3-16
j1lustrates for 1 M HC10, so]uFion at ZOOIV s, Thus Figure 3-16a
is essentially a repetitive sweep profile; holding times of at least
10-] s at V2 must be employed before any effect is obéeryed (Fig.
‘3-]6b). As holding time is increased, successively larger effects
are observed as charge in 0C1 becomes smaller. It should be noted
that a cathodic sweep taken to 1ow_potentiaﬂs (-0.29 V) is not
sufficient to return the charge in OC] to the value attained in a
regular repetitive sweep. This is esvpecially apparent in Figure
3-16d, where T 10 s and in Figure 3-16e, where the multi-sweep
profile is shdwn superimposed. Thus, in the repetitive sweep
profile, larger currents are passed than those generatea in the
pragram where the p.z.c. has been crossed once after some period

of holding.
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CHAPTER 4

KINETICS OF OXIDE MONOLAYER FORMATION

The investigation of the kinetics of the formation and
subsequeﬁ£ réductionﬂof a monolayer of oxide on Au was carried out
using three types of experiment -which wiTl b; described in the next
three chapters. Each stﬁdy proﬁides (a) different types of infbrma—'
tion concerning the overall proéess and/or the individual peaks obéerveﬁ
ﬁn i vs V profiles and (b) allows direct evaluation of the potential
depeﬁdencé pf the rate constant to be made at various stages of fo%mation'
or reduction of the oxide film.

The anodic growth of the oxide formed on Au (described in
this chapter) was studied as aafunction of time (t) and potential (V).
‘Oxide was grown at various constant potentials and the extent of its
formation was measured in terms of the charge passed in a subsequent
cathodic i vs V profile.

A number of experimental V vs t programs were used before a
satisfactory prbgram yielding unambiquous results was established.
Howeverr all tybes of experiments yielded significant i vs V profiles
which served (a) to illustrate further the role of ions in the qrowth
mechanism; (b) to enabte various distinguishable stages of growth of
oxide to be followed at a given potential and (c) to provide valuable
kinetic and diagﬁostic information concerning the stages of oxide
growth corresponding to peaks observed in cathodic i vs V profiles.

L]

1} Oxide Growth i vs V Profiles

It will be desirable to illustrate some of the i vs V
profiles associated with V vs t programs used in early experiments as

- well as those associated with the kinetic data presented Tater in this

Na -
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chapter. '

The first studies of the oxide growth on Au as a function time

— e e

and'potentia1 consisted of experiments in which the potential limit of
an anodic sQeep taken at moderate and high sweep-rates, was‘maintained
for programmabie, controlled periods of time. The first program used
is shown in Figure 2-5b, p. 49.

In a typical series of experiments;ithe potential limit of
the anodic sweep was varied over the entire potentié] range for mono-
layer oxide formation, with appropriate increments (30 ~ SQ mV) in
potential beinq selected usually on the basis of the i vs V profiles
which resulted.

A given potential 1imit in an anodic sweep was maintained
for controlled periods of time, ranging from 10_4 s to 1000 s (taking
3 data points in each decade of time, e.q. 1s, 2s, 5s, 10s).

The analysis of results of these experiments involved an

initial inspection of the observed i vs V profiles to establish the B j

relative sequencés in which cathodic current peaks qrow and their
interrelationshins. This provided an important supplementary basis
for eQa]uation of the general features, and stages of oxide growth
and reduction, discussed in Chapter 3.

Thus Fiqures 4-1 and 4-2 show the qrowth of oxide, in terms
of the i vs V reduction profiles observed for ]70 M‘HCM]4 atoa sween
rate of 2.0 Vs~ when the end potential (1.403 V) of the anodic

Y and 1073 ¢ {giving idehtical profiles

sweep was maintained for 10
in Figure 4-1, for 10"2, 1077 and 1 s (in Fig. 4-1), for 10 s (in’

Fig. 4-2) and for 100 s (Fig 4-2). At the shortest holding times,

A8
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0C1 is the predominant oxide reduction peak with significant oxide

coverage b#ing associated also with 0C2 (and its satellite OCZ’) A

small peak, OC3 is barely observable. Longer holding times (Fiq. 4-1)
lead to an increase in the 0CZ and ultimately in the OC3 states
coupled with a continuing decrease in OCT’ so that at 1 s holding time

virtually no OC1 state is detected and the 0C3 peak (and OC3‘) has

become the principal state (hereafter referred to as the principal qrowth

peak) in which the main qrowing state of the film is reduced. The?
i vs V profiles at T T 10 s and T, T 100 s show the continuinag qro\th

of peak OC3 and saturation of state OCZ as observed initially in the

qeneral 1 vs V profiles shown in Chapter 3.
At a sweep rate of 200¢V s in the same solution and for
‘holding" at essentially the same anodic end potential, the i vs V
nrofiles of Fiqure 4-3 are obtained. Increase in ™ from 10_4 s to
10_3 s results in a small increase in the OCT state, but also shows
some growth in the 0CZ and OC3 states; no neaks of this type are seen
-4

at T T 10 . MWith increasing T state OC] stays essentially the

same but substantial increases of coverage in OCZ and 0C3 states

arise, Then at T, T 18'] $ state OC] starts to decrease dramatically
and its peak potential shifts to more cathodic values. The 063 neak
becomes the principal growth peak (Fig. 4-3b) with ™ is a Tittle - 1
but, simultaneously, state 0C1 disappears.

In 0.5 M aq. H2504 for s = 2.0V s_1 aﬁd a similar (1.425 V)
end potential of the anodic sweep, an analogous trend is observed in
the growth and transition of the various peaks associated‘\ﬁth the

reduction of oxide. Figure 4-4a shows that oxide coveraaqe, in terms

of the states of reduction of that oxide, is evenly divided between

S

camda
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Au:1OM HCIOs ..
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Potentiodynamic current-potential profiles for Au in 1.0 M

HC]O4 at 200 V 57! for oxide gqrowth at constant notential of

1.41 V for-varying qrowth times, Ty showing develooment of

current peaks for reduction of submonolayer coveraqes of

oxide, 293 K; (a) 6 oE

10741073, 9,01 and 0.1 - (b) o =
1.0 s.
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ANODIC

0.5
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Potentiodynamic current-potential profiles for Au in
0.5 M H2504 at 200 Vv s_] for oxide growth at constant

potential of 1.43 V for varying qrowth times, T

showing development of current peaks for reduction

of submonolayer coverages of oxide, 293 K: (a) 1, =

h
1074, 1073 = 0.01, 0.1 s; {c) +, = 1.0, %

s; (b) T h

h
10 s.
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the bCI’ 0C2 and 0C3 states for T, = 10_4 s (and 10'3 s). At longer

-1
.Th: (e.g. 10

s in Fig. 4-4b) the QC3‘peak has become dominant,

the OCZ ﬁeak has increased somewhat, and the 0C1 peak has become a
shoulder on the anodic side of the 0C3mpeak. When oxide is qrown

for longer time;,‘(l and 10 s as shown in Fié. 4-4c), 003 dominates
the reduction profile after the OC2 ;Fate has réached its saturation
value. Continuing growth pf oxide occurs with rgduction through the
OC3 state and eventually, as a higher extent of oxidation is reached
(that is O is > 1.0 under these conditions), through a state labelled
OC4 whi;h has its peak in the same potential region as that associated
with the 0C3 state and is detected by more subtle shifts in peak
potential to be discussed later in Chapter 5.

Useful information regarding the variation o% oxide coverage
as a function of potential can be obtained using data from the integra-
tion of charge associated with these i vs V profiles. Thqs, it is
possible to compare data showing oxide coverage as a function of potential
measured after periods of 1.0 secoﬁd anodic holding {(or any other
appropriate time) at that potential. Figure 4-5 shows the oxide
coverages developed after 1 s of oxide growth in 1 M HC]O4 and 0.5 M
H,S0, at s = 2.0V s71 and 200 v s as a function of potential (with
1 s holding, or growth of oxide, at each potential).

A number of features of the results shown in this diaqram
are important. Fﬁrstly, after=the 1.0 s holding, it appears that the
oxide growth pattern becomes independent of'sweep rate in both the
above e]ectro]ytesfi However, somé of the important differences noted

earlier between the results for the two media are not diminished by

the holding procedure. Oxide growth is delayed considerably in H2504
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{due' to the anion blocking effect) and the curve for this solution
does noi "catch up".to the curve for gﬁowth in HC]O4 for some time.
The fact that it should catch up at all, and that at oxide CO{ES? e
of approximately 0.4 and greater it appears'to follow the same oxide
qrowth curve as that for HC104, is of interest. AThe growth curves

all seem to merge when ogide coverages of 0.4 - 0.5 monolayer are
attained and, thereafter, oxide growths is approximately independent
of the type of electrolyte. In these two media, then, the infiuence
of individual anions is differentiated dramatically below 0.40 in
coverage counted as 0 species {or almost a full monolayer if O is
counted as exclusively due to OH species on the electrode) following
which, the effect of the anions present is essentiaﬁJy the same. The
jon blocking effect is thus predominant in the initial stages of oxide
deposition and growth. In addition, when coverage is considered as
beind due to 0 species (and support for this conc¢lusion will be qiven
in what follows), the effect (Fig. 4-5) is strong support }or a

type of random deposition since ions should be removed from the surface
under these conditions already at ca 1/3 monolayer coverage, taking

account of their size requirements in adsorption.

2. 0Oxide Growth V vs t_Programs

Important characteristics of Hﬁ?experimenta] procedure
forced the implementation of more complex V vs t programs jn order to
obtain uncompromised results, i.e., results not made ambiguous solely
because of the V vs t program used. The problem is as follows: the

deposition of oxide species commences as soon as the potential in an

L
DA
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anodic sweep is raised above a certain critical value (e.g., ca l.30 Vv
in HC104,so]utions). Then,.dependent on the anion of the electrolyte,
in measuring oxide g%owth‘at,‘for example, 1.50 V, 200 mV of potential
must be tra?erﬁed over whiEQ oxide can already begin to grow before the
potential selected as the end potential of the anodic sweep at yhicﬁv
the oxide growth kinet{és are to be studied, is attained. Thus, it is
evident that the sweep time associaéed with traversing potentials over
which some oxidation can_occdr before the "holding" potential is.reached
can be quite significant in comparison with the "ho]dinj times" whenr

], the

the latter are small. For example, for-a swéeé rate of 2.0 V s~
time to raise the potential by 200 mV in the sweep is already 10'I
second. Furthermore, this time cannot be added directly to the'fiﬁé
spent at the end potential of the anodic sweep since the sweep time
covers a range of varying potentials. For a swéep rate of s and a ranqe
AV, of V to be traversed, the time 1Hv01vedxis At = AV/s.

Moreogver, an additional error in growth time and conditions
can arise from the reduction sweep, where, because of irreversibility
in the process, continuing oxide growth can occur during the early
part of the cathodic sweep, before reduction sets in at lower potentials
where the current crosses the zero current line.

A special V vs t program was therefore designed (Fiq. 2-5d,
page 49) in order to minimize the time spent at oxidizing potentials in
both the positive-going sweep befor% the constant potential at which
oxide 1s grown is reached, and in the subsequent cathodic sweep before
the potential at which re&ubtion commences 15 reached. Using this

~—_/ |
program, experiments were performed in the following solutions:

a) 1.0 M HC10,: b) 0.1 M KCI0,; c) 1073 M HC10, 5 d) 1.0 N H

4 250,53
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e} O.T HH 504. and f) 0.2 M Ba(OH)2 ’
Approximately 10 - 12 different "holding potentials were
selected within the monolayer oxide covefaqe region for each solution.
A number of 1nterest1ng features of the results of this i
aspect of the work must be considered, and thelr discussion falls into .

two categories:

a) the time dependence of oxide growth (© vs log rhf
and b) the i vs V profiles for subsequent reduction of oxide.

3. Charqe Data From.Oxide Growth

In each solution, the charge or coverage of oxide associated

with growth at 10 - 12 constant potentials is measured in the subsequent

cathodic sweep at a series of ™ from 10-4 s to 20s (3 data points per

decade of time). These charges, converted to OO values, are plotted
for each solution as a series of curves of ® vs log ™ (Fiqures 4-6 to

4-11).

Typical results are illustrated in Fiqure 4;12 W 1cﬁj;hows

three distinquishable oxide arowth reqions which apg desiqnated as

Stages I, IT, and III.

log t

Figure 4-12 General form of data for coverages of grown oxide film vs log T

_ showing three distinguishable stages of oxide growth at constant
potential.
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Close examination of the features of the © vs log T}, curves
of Figures 4-6 to 4-11, especially in comparison with Fiqure 4-12,
shows that the type of relations in Figure 4-12 is not found at all the
holding potentials in any so1utién. Stage I behavior is found only
at the lowest holding potent%a]s for several reasons:

’Ai) a significant sweep time, T, even at 200 v s-], can
complicate the growth time at the higher end potentials of the anodic
sweep ké.g. traversing 200 mV at 200 V s_] take; 10_3 s), as explained
above; ’

¥ 4i) arguments and cé]cu]atﬁons about to be presented show
that the potentials involved in stage I deposition of oxyqgen species
are well displaced from the reversible condition and therefore lead
to deposition of coverages of oxide exceeding those associated with
Stage I behavior in immeasurably short times, e.g. 107° s or Tese;
and

iii) at higher anodic end potentials, it becomes likely

that more than one derivativetpeak (each with significant current in
an appropriate deconvolution), is now contributing to oxide arowth so
that a single growth process is no'1onqer measured over a large enough
range of oxide growth potentials to permit'the kinetic analysis, .
described below to be made for a single peak in the profile. Adequate
corrections for the sweep time effect have, however, beep made 1in
Figures 4-6 to 4-11. The dashed line represents the sweep time, Tes
iassociated with time spent at oxidizing potentials in the anodic Sweep
before the end potential at which growth is measured is attained. Data
points to the left of this line involve the sweep time effect and are,

therefore, not used in subsequent calculations.

‘
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Sections II-and IT1 of Figure 4-12 (and in Figs. 4-6 to 4-11)
are direct logarithmic relations with a clear-discontinuous transition
between the two sections, and are observed for all solutions and for all
but the highest and ;owest "holding" potentials.

Several details of the 0 vs log Tﬁ plots give insight into the
mechanism of oxide growth and, in conjunction with the corresponding
i vs V profiles, subsequent reduction of the oxide species involved. The
following observations refer to Figures 4-6 to 4-11 and the three stages
of oxide growth observed therein.‘

i) The charge integration revéals that the rate of ox?E%}qrowth
decreases with time throughout the periods of growth, T, A c]earqbreak
is observed between the two seemingly Tinear sections of the 0°vs Tog o
plots at higher T, {(i.e. sections IT and III in Fiq. 4-12). .

| i1) The effect of potential on each of the sections II and
IIT is just to raise the curve in 0 for each successive potential. Thus,
when slopes (g—%%%L?)V are measured for each section and at each potential

it can seem that the value of these slopes is essentially constant for

each'section for the majority of anodic end potpntia]s studied’. Figure

4-13 illustrates this constancy for 1.0 M HC10, and 0.5 M H,S0,. As
described fin the discussion of kinetics which follows, this effect of
potential can be employed to calculate an apparent Tafel parameter for
Stage II.

4. Kinetics of the Section 1 (Fig. 4-12) Process

Section I data of Figures 4-6 to 4-11 are represented by a
Tinear loq (1-8) vs t relation. It is found that the first stage (1)

can be adequately represented by a kinetic eguation based on electrochemical

control as a rate-determining step. Thus, a Tinear log (1-0) vs t
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-y
D
|
2

L}

relation develops/f;om a general representation of the rate for the ear{;j«
stages of oxidation for a reaction of the type

Ay’+ H,0 = AuD + 2H' + 2e ‘ _ I

1

- d@ -
where . Réte b kcH20 (1-0) exp [02VF/RF] exp (-gQ) L (4-1)

L4

and OT is the coverage due to all deposited species.

It will become apparent that the following derivation is iiif“_;/;j
altered by the actual choice of a reéction for 1. - //,’

In the early stages of oxide deposition {Tow @), the inter-~

action term in gd may be neglected, giving:

-
do
Rate ?\HE = kcH20 (1-0) exp [«2VF/RT] | (4-2)

It is not clear whether th%s assumption is valid because the operative
g-value is zero (e.q.- for random, early depositioﬁ) or because the
coverages investigated are quite small {so that e 10 . 1}.

Ean. (2) may be integrated to give

-In (1-8) + In (1- oo) = At (4-3)

where A = kCH20 exp [w2VF/RT] . {4-4)

and, for a series of potentials,

dV/d In A = RT/nF o (4-5)
which'gives the Tafel slope, b. |

The experimental data obey these equations for a ranqge of
potentials 1in gach solution and ;amples of these plots agg shown in

Figure 4-14 for 0.05 M HZSO4 and’;;>\0.2 M Ba(OH) Equation {4-3)

9
fails to repri&sent the data in these figures with the characteristic

that a much longer T is required to obtain the-(1-0)'va1ue needed for

the straight 1ine relation (e.q. Figure 4-14b for 0.2M Ba(OH),) to be

5)

k)

e
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extended. The Tinear log relation (egn. 3) is obeyed when sweep-time
s e -
effects (p.125) do not vitiate the holding time experiments. These
v _
figures have been constructed for each solution and have been used to

‘determine A values {eqn. 4-3) for oxide growth rate at each qrowth
potential. These A values are then p]btted vs their corresponding
potentials for each of the solutions (Fig. 4-15). The qradient of these
Vvs InA pIQts (Fig. 4-15) aives the Tafel slope aﬁsgciated with section

\ .
-1 of the © gg_igg T plots as expected from eqn. 4-5. Table 4-1 summarizes

those values for several solutions.

TABLE 4-1 @
SOLUT ION &V _53
dTog A~ ¢
1.0 M HC10, ' 0.057
0.1 K HC10, - 0.060
0.5 ¥ 1,50, - 0.060
0.05 1 1,50, 0.057
0.2 1 Ba(0H), 0.062

The straight line behavior predicted for log A vs V is observed
for the range of potentials represented in Figure 4-15 and, for the most
part, a Tafel slope of RT/F is observed. There are seyeral possible
mechanistic interpretations of such a value for the Tafel slope and they
will be discussed subsequently in Chapter 8 after additional kinetic
information has been presented. However, one possible hypothesis is that
a 2e  charge-transfer step is involved in the rate-controlling step in the
initial stages of oxide deposition. However, there are two data points

evident in Fiqure 4-15, for 0.1 M HC]O4 and 0.05 M HZSO4, where oxide
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Figure 4-15 Plots of Log A vs oxide growth potentials using eqns. (4-3) and (4-5)
to defermine Tafel slopes for irreversible, electrochemically
controlled oxide deposition in Stage I of oxide growth at constant

potential at Au.
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growth is measured at a potential very near that at which oxide deposition

-Is first observed in an i vs V profile in the same solution. and for

which the value A (from-the slope of a plot of -1n (]1-0) vs t) is
anomalously low in Figure 4-15 (log A !5 V). a‘Simi]ar]y. the Tafel
s]dpes evaluated from the variation of'peak potential vs log s in sweep

rate studies for the initial 0A2 oxidation peak are very low; they vary -

-
.

somewhat from solution to solution but have values of the order of 20 -
30 mV (see Chapter 6).

The expianation for both these results lies.in the effects of
ions on the earliest stages of oxide aeposition, and the compléx inter-
ré]atidnship between ion desorption and concomitant oxidation of the'Au
surface. Thus, as potential is increased in an anodic sweep, anions are

held more str&ng]y to the electrode. These ions must be removed, however,

to permit oxidation of the underlying metal.

As it is seen from Figure 4-15, substant1a1 H1fferences in’

A va]ues for a given potent1a1 are—ébserved for the different solutions

and reflect specific ion adsorption effects in relation to electrode

Y

potential.
| - As the potential at wﬁich oxide is grown is increased positively,
it appears that oxide growth can occur in more than one surface state as
indicated by distinguishable peaks in the i vs V profiles. Thus, only that_
oxide growth which occurs at the Tower potentials would have unequivocal

value in determining the Tafel paraméters for section I (Fig. 4-6 to

4-12).

5.4 "Direct” Logarithmic Oxide Growth , ﬁﬁ\\///f‘—\\ R

The second and third stages of oxide growth shown in Figure

p

4-12, where Tinear relations between @ and log t are demonstrated, represent

q' N
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a mechanism for continuation of oxide growth in which physical, i.e. non-
e1ectrochemica1, steps are apparéntly rate-controllinq Th1s conclusion is

reached because the effect of potential on each of the sections II and 111l

“for several d1fferent solutions is seen to be simply to raise the respective

curves in 0 for each -successive'potentia] wi& changing the slopes of
. - {

. the @ vs Tog t. relations, as may be seen in Figure 4-13. This also means

that the actual rate of reaction at gkven t = T{ is constant, independent

of potential. Surprisingly, they.are also independent of coverage 0. These-
Vo "' -

two properties of the behavior seem to indicate firstly that a non-electro-

o

-chem1ca1 reaction is rate-controlling and more importantly, that rates of

oxide growth in these staqes are not determined by how much oxide (0)
has been deposited previously.

"A better understanding of the significance‘of effects of potential
in relation to oxide growth can'be gained by cons%dering the origin 6f
the direct logarithmic growth laws, as follows.

A diré&t 1ogarithmic_1aw can easily be derived on the assump-
tion that the rate constant, k, which may or may nbt be a function of

potential V for the deposition/growth process is exponentia]fy denendent

.on coverage or that the corresponding activation energy 1ncreases linearly

with coverage. If k is a function of potential [k k(V)], k (V) w111

probably have the exponent1a1 form e GVF/RT where o 1s!akransfer

coefficient. Thus a reaction rate express10n
0 .

(g%)v = k (V} exp (-g0) o o (4-6)

L

would result which can be intégrated at constant V, giving i kS
, )

é exp [90] = k(V) t + ¢ where ¢ is an integration constant.
°
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Then g0 =1Tn g+ Ink(V) + In (t + V) | i
i.e. - Q= 1 n g.+ Lin k{V) + l—1n (t + (V) (4-7)
o g -9 g k

which is a direct logarithmic law in t when t >> c/k(V), i.e.

r
)

5 do 1 | -
It g , (4-8)

This equation shows that the slope of..the linear sections of the O 15_169 t

plots of experimental data would be interpreted in terms of the interaction

parameter, g. An alternative significance for the exp (-g0) term is that it
arisés really from a change of the effective potential difference agross thé
interface due to progressive change of the surface dinole p.d., xo,-propor—
tioné] to O.. Thus Vf = Vo - Xg could be written for the effective potential
v, operating across the intefface during growth at time t. Xg Wil be{
approximately proportional to O and .since k{(V) is an exp f(V), the form of
eqn. (4-6) would arise from a build up of the surféce dipolar layer of 0
species on the Au surface. A simi]arreffect could arise from changes of
Janion adsorption,

Equation (4-7) indicates that the progressive increases in 0
observed at a g{Vén t for a series of oxide gr%wth potentiats may be attributed
to the increase of the potential-dependent rafe constant k(V) in the term

I—-ln k(V) or to an equivalent increase in the initial oxide coverage at .

9 T
various potentials before the growth in In t has significantiy\taken place.

i

The integrated result, eqn. (4-7) shows that & as f{In t) depends

In k(V) and

— e,

only on 1/g excepﬁ'that the level of © values depends on (1/9

thus on potential for the case k = k(V). Experimentally, the slopes of
' 8
given sections of the @ vs In t relations are the same at various O values,

7

i.e. the rates expressed at do/d 1n t are independent of ©. However, this

seemgainconsiltent with the form of eqn. (4-6) but is a result of the
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integration operation. . i

ATthough direct growth Taws in In t have been used previously

- (see p.9 and 10}, and were based intuitively on either an exponential term

in © or in oxide film thickness, &, the main problem physically with the

rate equation (4-6) required to give the In t relation after integration has
not, apparently, been recognized; if is that it contaips no term in the
fractional free area of the electrode surface 1 - Oy (where Or = OO +0
anions) which would be expected to be required in a rate equation of the
type of (4-6) representing, supposedly, continuing deposition or growth
of 0 species. .
If such a term is ipcluded, then the resulting rate equation, viz.
(d@/dt)V = k(V) (]-OT) exp (-g0)cannot be integrated to a direct qéﬁwth law
in In t. In fact, no other équation, except the obvious-one d0 = k(v) dt/t,
which has no clear physical significance heré, will integrate to a simg]e
relation in In f. Further, it i; not that I—OT can approach 1, i.e,
OT ~ 0 as a special case, since the-same direct In t law is found in fhe
present work and in a variety of other studies on very thin oxide film
growth where OO or OT is by no mean negliqgible.

. The required rate equation such as (4-6) must therefore be zero

order in 1-OT or else there must be a cance]]ationhof O terms implicit in
g(0) or k(V),with 1-OT. How this could arise is physically diffi;u1t to
visualize. ‘

The required zerg orde; in free area (1-OT) of the electrode for

eqn. {(4-6) might arise if the rate-determining process in growth were not ~

the actual deposition reaction itself, e.q. it could be the act of place-
exchange of already electrodeposited "AuO" species in small oxide clusters

or desorption of an anion, A", at a potential growth center (see p. 257}..
) %



- 136 -
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,In the latter case, however, it would.g:qé§gected that a term in 0,- ,
would be sjgnificant in the rate.equation (4-81;“J5$5the present tihe-ao
proper sd]ution to th%s dilemma can be proﬁosed}nor ha; it been offered in
previous literature. ' |

If it is considered that éqn. (4-6) is of the form where k = k(V},
phen,the 1ogari£hmic growth lines of Figures 4-6 to 4-11 can be treated
accotrding to eqn. (4-7) to obtain the implicit potential-dependence of the
growth process, represented by this k{V). Consideration of two conditions
provides the required resuit: (a) when the relation between O and time is
linear éﬁmp]y in In t, c/k(V} = 0; then the growth lines can be extrapolated
to @ = 0 giving corresponding times to,'viz. from eqn. (4-7)

~.

. ) ] '
Tn'qg + g-ln k(Vv) + a—ln tO . (4-9)

0 =
(b) when t = ],Ifor various potentials V

0y = % g+ in k() (4-10)

O —

where OV is valuated from the log arowth Tines.

These relations and the slopes (1/g) of the 0O vs In t 1ines‘.
enable -1n t0 to be plotted vs V e.q. as shown in Figure 4-16 for Stage II
in 0.1 M HC104. This plot gives a Tafel type relation with a slope, b,
of+0.062 V. Similar slopes written as 2.3 b, obtained for other solutions

¥

are listed in Table 4-2.

TABLE 4-2
Solution 2.3b (II)yv
1.0 M HC10, 0.059
0.1 M HCTO, 0.062
0.5 M H,S0, 0.054
0.05 M H,S0, ' 6.03¢ %o.101)
0.2 M Ba(OH), 0,059 -
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It is of interest that most qof these ;]opes correspond to a

2-electron transfer as also deduced from the kinetics of stage I where

electrochemical control applies [see section 4 in this chapter].

6. Phenomenology of Oxide Development: The Growth Curves

In general, quite apart from any equations derived above and&
the question of whether or not straight-line plots of the data are obtained,
it is appaﬁent from the 0 vs log T, curves that, with time, at any given
constant potential, oxide growth becomes more and more difficult; thus,
the rate of growth of oxide is always decreasing with time (cf. eqn. 4-6)
under these conditions. This constitutes strona evidence against the |
operation of a mechanism of nucleation and growth in the development of
the oxide with time at constant potential where a transient in time of
the form / N\ rather than N is usually observed.wﬁ

The charge data indicate that it is possible to obsefve the second
and third stages of oxide growth occurring through exactly the same oxide
coverage range, a surprising resh]t. Thus, at different constant potentials,
oxide growth is proceeding through the II and I1I stage mechanisms, corres;

ponding to the 0 vs Tog T plots, over the same coverage rarge (0, to 02),

il

1
though for different growth times. Thus, for examnle, Figure 4-9 shows

- @ vs log 7, data for 0.5 M H,S0, in which stage III growth is observed at

2774
0.4 - 0.55 while, at 1.555 V, stage Il growth of oxide

n

1.490 V between O

is seen between™® = 0.3 - 0.56.

At low potentiais, it appears that stage III behavior does not
take place when the potential is applied up to even 20 s growth time
(Figures 4-7, 4-9 and 4-11). It appears, then; that some minimum potential
or minimum okide coverage is required before oxide growth via stage 111 is

observed. Comparison of thé @ vs log t, data, e.g. for 0.5 M H, SO

h 4°

A —A d dodn s A, ramy arbaman . - s el
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indicates that at a constant growth pbtentia] of 1.390 V the break in the
© vs log T, curve (indicating a transition from stage II to stage III
conditions) and stage III bghavio; is not observed even up to Ty, =20 s _
and with © = 0.25. However, at 1.432 V ‘in 0.5 M H,S0,, the transition from
'II to II1 is apparent at © = 0.26 and T, = 0.5 s,

Simi]ar]y,‘jt appears that some minimum value of O must be
attaineq before stage Il behavior is observed;

Since the growth of oxide by stage II or III processes can.

evidently occur over the same O range but at different potentialss it

would appear that when some minimum potential or minimum oxide coverage
is attained in the oxidation, the transitio; from stage Il to stage III
oxide growth is dependent only on time or on some other process dependent
on time. This is an interesting and unexpected result.
> Comparison of the 0 vs log T, figures with the cathodic i yE_V“F_

oxide reduction profiles ysed (by integration) to construct them, reveals -
the important information tha%, in all sp]utjons, stage Il oxide growth is
accompanied by an inc#ease in oxide in.states which are reduced in the
0C2 and OCB peaks of the cathodic i vs V sweep profile. However, staqe I11
oxide growth apparently occurs after saturation of the OC2 state and proceeds
with an increase in only the Ocg state (illustrated below Fig. 4-17 to
4-19) in the cathodic sweep profile. ™ I

Work on oxide growth on Au published in the literature has
usually presented quite d1fferent results and conclusions than in th1s
study for several reasons, including the following:

i) O values (measured only as uC cm'z) have generally exceeded
1.0 (as 0 species) in previous work {e.q. Vetter and Schultze on Pt65

and extended in ref. 59 tg Ausalso the work of Brummer54 and bakr1de585)

-
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various growth times, % (a)frh = 0.1, 1.0 and 10 s;

(b) 1, = 0.05, 0.5 and 5 55 (c) v, = 0.2, 2.0 and 20 s, ‘
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Thus the investigatioﬁs did not apply extensively to growth in the sub-
mbno]ayer region inveétigated in the present work,

ii) Constant poténtials used to grow oxide were generally
around 1.8 V and higher at Au. This not only guarantees that oxide
coverages greater than one monolayer will arise, but also introduces
the pfogg%ﬁ1ity of interfering reactions {e.q. 0, evo1ution)54’65’85..

jii) Time values investigated in some studies (during which
simple dependence of @ on log T is said to occur) are 102 s or greater,
much longer than the growth times investigated in the present study.

The submonolayer stages of oxide growth observed in the present
work could not be detected at growth times of this relatively large order
of magnitude. Such studies may actually indicate that stage III oxide
growth involves a continuing, longer-term oxidatfah mechanism by whieh

thicker oxides are formed on Au.

iv) Growth potentials were studied at intervals too areat to
detect the subtleties of submonolayer oxide growth {e.q. in the work of
Gilroy on Pt83).

7. Reduction in Cathadic i vs V Profiles after Oxide Growth

Some further aspects of the stages of growth behavior of oxide
films on Au are clarified by examination of the i vs V profiles for reduction
of oxide films previously grown under controlled conditions. Other details
on reduction are given in Chapter 5.

For each experiment in which oxide was grown at some constant
potential for controlled periods of time, the subsequent 1 vs V reduction
profiles provide information concerning ,the reduction of oxide species
fofmed under the given conditions of grewth potential and time. 1In
particular, the quantitative evaluation of sevéra] diagnostic parambters

e
(described on pages 55 to 59) clarifies several aspects of{ﬁﬁe oxide growth

el 2 et o il
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cyrves (Figs. 4-6 to 4-11), especially for the direct logarithmic sections.
The development of the individual current peaks for reduction of .

“

oxide as growth time at constant potential or as growth potentié] is ,///
T ]

increased has been described ear]ier\ﬁﬁ this C?ﬁﬁter (p. 111). ™
For very short times of growth, oxide grows with an increase
in both the O, and O, peaks. It is evident (Fig. 4-17) that 0C3’BEEQ es
the principa] state through which the qrowth oxide film is reduced (i.e.”
the main "growth-peak") and the 0C2 state becomes saturated. Thereafter
OC2 is seen simply as a shoulder on the cathodic side of the main'peak
for the reduction of the growing oxide.
The peak potential of the 063 reduction process moves to
less positive values as higher extents of oxidation are attained. Simul-
taneously the peak itself hecomes narrower as larqger extents of oxide are

)

reduced through state OC3' oy,

At fairly Tow oxide growth potentials, such as 1.390 V (Fig. 4-18)
and 1.432 V (Fig. 4-19), it is evident (a) that oxide developed in the
early stages of arowth is reduced through the 0C3 and 0C2 states; (b) that S
the GCZ state becomes saturated at some walue specific for the solution
and (c) that subsequent oxide reduction occurs mainly through the OC3 state.

Several of these points may be quantified by evaluation of
appropriate diagnostic barameters (see Chapter 3, p. 56). Figure 4-20
illustrates data from Figure 4-18 for growth associated with the 0C2 peak
showing that, while i/s increases with growth time, the pggk potential’,

erv-is:Virtual1y unchanged. At higher potentials and oxide-coverages, it
. appears also that i/s for 0C2 reaches some constant saturation level, and
that V, for 0., continues to remain constant. Exact measurement of these

) parameters 1is difficult at higber éoveraqes due to the influence of the much
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-]

larger peak, 0 3 (Fig. 4- 133 For the latter peak, Figure 4- 21 shows that

'1/5 cont1nues to increase with increasing time and VP (0 3) shows no sign

© of being constant but ‘becomes more and more cathodic (i.e. the oxide

species becomes harder to Eeduce) at- longer growth timeé.

Additionai data for higher coverages can be more revealing,
Figure 4-22 shoﬁs the variation of .i/s vs log T, for the Oc3 peak for
oxide grown at 1.638 V; the corresponding i vs V proﬁ%les are shown in

-35

Figure 4-17. The value for i/s increases Emoothly with loq t_ from 10

h.
to 10 s. There is a slight break in i/s vs log T, at 0.2 ~ 0.5 s which
coincides with the change of oxide growth kinetics from stage II to stage
ITI. - In add1t1on, Figure 4-23 iTlustrates the concom1tant sh1ft in ‘peak
potent1a1 for OC3 over-;he same range of growth §1mes and also shows the .
variatioﬁ of peak ha]f}width parameter, AV]/Z’ as a functjqn of time of
oxide growth. It appears that Vp (OC3) is constant at.1o;mqrowth times
but begins to decrease smoothly with fncreasi;g growth time heyond gg_lo'z s
Comparison with the oriéina] O vs log 1, data (Fiq. 4-9) shows that
at this growth potential, is approximately the time at which oxide qr&@th
through stage I; beqins, although it may be complicated by the sweep time T
The decrease of AV]/Z (0 ) ith Tog Tps also represented in ?iqure 4-23,
shows that at higher 1eveﬁ€ of OQ\EQV¢SCZF3 ,» a g-factor assoc1ated w1th
the 0 state must become progressively sma]ler) This is apparent fro
v1sua1 inspection of the i vs V profiles but 1s\ﬁn direct contrast with
the resu]fs cbtained fromloné interpretation of the plots of 0 vs log T
that is that g-values appaé;;;1y increase at higher levels of oxidation.
Th1s apparent contrad{ct1on will be exam1ned in subsequent chapters, but
it lndjcates that the processes involved in oxide deposition and reduction

are fundamentally different.

-
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) . It should be noted that while the interaction parameter indicates
formation of a niore stable species at higher oxide coverages (Fiq. 4-23),
the peak potential (VP) also shows that, at higher coverages, the oxide
formed js more and more stable {i.e. more negative potentfa1s must be
applied in a potential sweep before it can be reduced). {

Also, the experimental quantity i}s plotted in Fiqure 4-22 as
f(log T, and the quantities VE and AV1/2 shown in Figure 4-23'c]eér1y
suﬁ%ort the observation of tﬁo stages of direct logarithmic growth at
coﬁstant potential. “ |

Discussion of Overall Features of the Processes

The growth of oxide through the OC2 state is distinctly different
from oxide growth with reduction through the Ocy state. As the 0., state
saturates, both its VP and the i/s remain apnroximately constant except |
at low coverages. Even then, when i/s is increasing, VP (OCZ) remains

constant {Fig. 4-20).

Growth of oxide, as indicated by its reduction through the 0C3:

state, appears to be the main process. /
//’
Unlike the OC2 state, 0C3 does not saturate; it is the main peak

for reduction of previously grown oxide. The VP (D..) decreases with growth

“C3

21

time, Ty and, coupled with the known aging effect , would seem to

indicate that some reorganization of the oxide is occurring-as oxide coverage

]

increases. This reorganization ipvolves the formatjon of an organized,

/ a
more stabﬁgﬁoxfde (having lower Vp and small AV]/Z in reduction), usually

consiqsred as a two-dimensional network phase, the reduction of which is
% hJ
effected with a lower value of the interaction paramgter, g. Since one

interpretation of the 2-stage © vs log T behavior, is that oxide growth
- LY . l" :

oceurs with an increase of the g value, it is apparent then that there

-



- 151 - -~

-

must be fundamental differences between the mechanism of format1on of oxide
\/’/1n the growth process and the mechanism of subsequent reduction of that

oxide. Thus, reduction cannot be the same, in reverse, as the process of

. -f
rﬂ;ggg_idation. , . L .
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CHAPTER 5
RINETICS OF REDUCTION QF SURFACE OXIDE AT Au..

The patential vs time program described in Figure

the kinetics of reduction of the various states of surface oxide
that are developed in the course of monolayer oxide formation at -
Au. In these experiments, oxide species were dgposited in a
potentiodynamic sweep at moderate rates (typically 0.050 V 5_1)
up to appropriate ena potential limits (V]) in the anodic sweep,
thereby varying the oxide céveragé. The‘pxide thus formed is
partiaily reduced‘to varying extents in a subsequent cathodic
sweep down to some systematically varijable potential (Vz) at
which the reduction of oxide has become observable. Maintenance

of such potentials (VZ) for controlled periods of time, Ty

(typically 0.1 s up to 200 s} permits evaluation of the kinetics.

of reduction of the oxide from known initial coverage at constant
potential as a function of that potential, VZ' Under optimal

conditions, the kinetics of changes of individual states of the

oxide film, corresponding to resb]vgd peaks in the 1 vs V profile

‘

for the reduction of the film, can be separéte1y evaluated.

Experiments -of this type were pefformed in the following

solutions and conditions:

a) 1.0M HC104; Vo, 3 1.623 X, 1.512 V;

A
W b)‘ 1.0 M HC10, 1‘ﬁith SO&2 contamination; v
c) _0.05M H2§04, T = 298.K; and ‘ J
o d) 0.05M H2504, T =273 K. \

\
A

A e i e B et £ R £ 8 B
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The general form of a succession of cathodic i vs V
profiles obtained in these measurements is illustrated in

Figures 5-1 and 5-2 for solutions 0.05M in H,S0, and 1.0M in

2774
_HC]O4 respectively. A striking feature of these i vs V
profiles, especially in comparison with the behavior observed

w?éﬁzzaéxggowth of oxide is followed in time (Chapter 4), is the

elatively 1Rng times required to reduce the oxide and to follow

it Vreductionkstages. Thus, in oxide growth, the process must be.

olhowed on aq osci]]oscopg because holding for times T produces

sugg ini%§g$fecfs already at 1074, 1073 and 1072 5. In cathodic
féducti r inetics on the other hand, virtually no effects are
observable until T, becomes of the order of 0.1 s and longer. 1In
addition, the process(es) of reduction appear to take place via the
0c3 state before any reductioﬁ of oxide occurs through the 0,
state. Thus, in Figure 5-1, a comparison of the profiles in the

~ family generated after initial, partial reduction of oxide in the
cathodic sweep down to 1.191 V¥ ghows that the major component of .
the oxide remaining'at this boint of the sweep is reduced quite '\

guickly through the 0C3 peak. After a potential of 1.191 V has (:i

been maintained forlS s, the only oxide species remaining on the

surface are reduced through the 0C2 state (cf. especially for the

time range T, = 1.5 s to 5 s, during which the OCB state is the

only one through which reduction is apparent af 1.191 V). Figure

5-2 for reduction at 1.205 V of oxide formed in 1 M HC10, in an “—-

4
anodic sweep up to 1.638 V shows similar behavior. Aftgr oxide

;LHZif%épion for 3 s at 1.205 v, theréﬁgp apparently no oxide remaining

-
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available for reduction in the 0C3 state. However, the 0C2 tate
has not diminished in coverage (charge) at‘a11. A furthe
contrasting feature, then, is that, of the amount of oxide remaining
on the surface whgn the reduction potential of 1.205 V is reached
in the cathodic sweep, that portion which is normally reduced via.‘
tH; 665'stafe is removed completely in 3 s. An ddd%tiona] 47 s is
requireﬁ before almost complete reduction of the remaining oxide is
accomplished ‘with consumption of the species corresponding to tﬁe
0C2 peak.

The current-time relations obtained at various potentials
5n these experiments were integrated and Figures 5-3 and 5-4
illustrate the resulting Chargeg plotted as coverage 6*(ca1cu19ted
as dlspecies, 400 nC em™2 for the monolayer) as a function of
Tog time () for 1.0 HC10, and 0.05 M H,S0, so]utions-£1'= 273K),
respectively.

Both these figures show that while a relatively large
quantity of charge can be passed initially in a short time,_the}e

~is a levelling off of the reduction rates at longer T As the

h-
measured values of oxide charge become comparable with the
saturatipn, coverage level for the 0C2 stétes at long Th; an aimost
logarithmic re1ation 1s observed between © and'rh. The question
arises: must oxide }edhction through the 0., state be comple&ed
ngggg;reduction through the Ocz'state can begin, or is reduction
thfough the OC2 state simply charactefized by a rate constant
orders of magnitude smaller than that for oxide reduction through

the 0C3 state? .Attempts to answer various aspects of this question

will be made in the matéﬁia] which follows in the subsequent chapters.

L
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. . Figure 5-3 Variation of oxide coverage (0 species) remaining on Au electro

in 1.0 M HC'IO4 after oxide reduction at various constant potentias

from 1.244 V to 1.046 V for various periods of time 7, = 0.1 s to

] e

100 s. s =0.050V s ', V, = 1.623 V, 298 K.
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| 005 M H,S0,
T=273 K
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Figufe 5-4 Vﬁriation of oxide coverage (0 species)
0.05 M H2504 after oxide reduction at various constant potentials

from 1.253 V to 1.017 vV for var{ou§ periods of time T, = 0.1s to..
200 s. .s = 0.050 Vs, V, = 1.725 v, 298 .
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Attempts were made to evaluate the'applicability of
any one of several common, and other less common rate-law

1/2 3/2

vs t, ©7'% vs t and some others) to the

expressions (e.g. O
integrated charge vs time data of Figures 5-3 and 5-4, and to
simi]aﬁ data for other solutions investigated.

Only one relation c¢ould be found which was suitable
(in fact, the fit was excellent, see Figure 5-6) and that was
the relation which can.be derived for a simple {rreversible
electrochemical reduction process in thcg In © is Tinear in
time T, . - |

This re]a;ion'evol;e§/4rom consideration of the reduc-
t%on of oxide as Eeing repfesented very generally by the equation

AuO + 2H' + 26 = Au # Hy0 (5-1)
assumingﬁ“g“ species are the principal ehemisorbed entities. The
actual Eﬂdice of reduction reaction does not interfere with the
following derivatién. The qssumption will be just{fied in detail
in the final chapter, but al1—e1ectr0n oxidatioﬁ or reduction is
not indicated either through appearance of E curgent peak due to
such a process gz_througﬁ the opserJation of appropridte Tafe] |
slopes for a l1-electron process. Thus, experimentally, there is
ﬁﬁ’ev}dence for the existence of OH species on Au (e.g. see Chapter °
4 for Oxide Growth) énd supporting evidence would be easify found ///
if a 1-electron reaction took place.

A general expression for the rate of reduction

according to eqn. (5- 1)} follows as:

_Rate = g{_ (1 - o = kr,,)ﬂ £, exp [-2( {BJVF/:T] . 8
5-2
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and for 6r =6
) ' _deo
: gt U-07) = gg (1-6)) = - 3¢
Then . S | )
de0 ~ 2
. - 5 = k(cH+) exp [-2(]-B)VF/RT]dt

«which gives on integration

~2n 00 + fn 00-(1n1t.? = e(V).t

= k(cy®)? exp [-2(1-8)VF/RT] |

(5-3)

. (5-4)

(5-5)

o
-

For a given solution, a series of potentials is studied so that:

RN A=fnk+2 In t + -2(1-8) pr i

seen to be the Tafel parameter

dV_ _ -RT -
d i A Z(1-B)F

for the surface process involved

Consideration of a q-factor

-

.- The rate equations.derived above have no

influence of the so-called interaction “q" paramete

{5-7)

i wh1ch allows a direct evaluation of dV/d &n A to be made which is

~ (5-8)

inc]uded the'
.' Inc]ﬁs1on

of such a factor r quires the rate expression to be wr1tten as

dO .
~ Rate = —-73- = k 8, exp (g@o) (cH+) exp [-2(1-B)VF/RT]
: . S o (5-9)
. 3 !
Rearranﬁing gives.
_ 2P 9% o w k(o) exp [ 2(1-ﬂ)VF/RT]dt .
o .-

.
i

(5 10)
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which intégrgtes to give a series solution s
' _ . 2 2 2 3,3 3
At—ﬂn?irl +g(o-9in)+g__(01.n-e)+g(e~ein)+
P A e -
_ 22, 33 . - _ '
) = - 40 + 90 - g"0" + g70° ......... t.const. (5-11)
. ' 4 - 16

where the constant ﬁs

&n Oi .- %_ 0. %E'OTH + .t.... (5-12)

aﬁd-eiﬁ is the initial coverage at Ty, = 0.
A useful,'first approximation, which takes interaction
. .

effects into accoungg is given as
At=~2n0o+2n Oin + g0 - 99:, (5-13)

WHJ. ~ It.should be possible to obtain a best fis~value for the

-g- tor for a set of experi#ZFE;?*asta through computer optimized

tion of g va]ues.

However, the resui&s referred tc above aré found t6 be
fitted by a g-factor c1oée enough to-zerd that the interaction
effect may be neglected; then equat1on (5-5) may be used, i.e.

Tinear plots of ?bg O vs Th should be obta1ned orer a wide range

. of time and reduct1on potentials, as is found from the exper1menta1

data (Figures 5 5 and 5-6), | T

The aim of the exner1menta1 study undertaken was to

apatyze the kinetics &f reduction through states 0C3 and OCZL'
éi:T;;uatidns deriyed above have a validity at any given

EEEent1a1, but i::fzgvégyigation.of a series of reductiom
potentials so that the Tafel parameter {eqgn. 5-8) can be evaluated,
is valid oﬁ]y when one reéﬁtion Eﬁith one E°) is predominant

throughout the poientiaﬁ range involved. If two reactions
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1. Evaluation of Kinetics of Oxide Reduction.

"~
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(assumed independent) are occurring simultaneously at a given

potential, the total rate is of course, the sum of the individual -

-

rates. However, in a study conducfed over a réngé of potentials,
the relative contributions of the reactionslinvo1ving the two
stages OC2 and 0C3 to the net rate observed at sach potential

is changing (aséuming différent E°'s and / or Tafel slopes) so

-

that the pdtentia] dependence cannot be evaluated. It is for this
reason that the studies described in this chapter;were not extended
to incl%de alkaline solutions (especially 0.2M Ba(OH)Z).whe;e the
peaks observed in oxide reduction are so close togethpr, on the

potential scale, that the component processes OC3 and OC2 cannot

)

be studied separately. It i§ fortuitous, then, that the reduction ~

of oxide in the 0C3 and then in the 0C2 state appears tc progress

- Sequentially, as noted above (see Fig. 5-1 and 5-2). Reasons

for this effect are suggested in Chapter 8.

1

For ea?h solution, it is appareﬁt from inspection of the
respective i vs V profiles’ that there are ranges of’reduﬁtion
potentials and ranges of he&uction (or'ho1din§)f:imes of the order
o% a decade or more for which virtually one state only is-the
significant one through which oxide is.re&uced. Thus, when'v2 *
(see program in Fig. 2-Se, p. 49) is held at relatively high
values, the measured reductiop currents.are almost entirely _
associated with the Ocy state; however, at much lower potentials,
“the Ogp Peak appears to be the only peak through which the

remaining oxide is reduced.
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Subsequent data'analys{s conf%rms the cﬁnc]ueionsl
-4 based on visual 1nspect1on of the i vs ¥ prof11es and, at potent1als
. in the mid-range of reduct10n, especially where deconvo1ut1on of
the reduct1on peaks demonstrateS\Qvepﬂapp1ng between constituent
peaks, a substantial deviation from the expected Tinear behav10r

according to egn.(5-53) is Ubserved in the kinetic re]at10ns

. %
L
h B

described above. The ana]ys1s also 1eads to the 1nd1cat1on of the

role of a reduction process involving a state 0C4 in which higher

L

oxides (see also Chapter 7) are reduced at potent1a15 sim11ar-tb

those observed for the'O 3 peak. Some eva]uat10n of the k1net1c
parameters for reduction in th1s state has been possible.
Inteqrated charqe ys time data from the exper1menta1

A ¥s V profiles were plotted as log ©vs time, T The resu1ts

. obtained indicated adherengg to equatioh 5-5 and are shown_-in ‘

- Figure 5-5 for the 0C4 state in su]fate contaminated 1.0 M H 104,

and in Figure 5-6 foh the 0 state in 0.05 M_H,50,. " The data for

€3 2774
“the 004 peak are-less extensive due to the small queq}ities
‘ {coverages) of higher oxide associated with this state Fhat are
expected to be formed at the anodic end potentid]s employed.
Deviatipon from a straight line p1o£.arises as the-oxide'species
reduced in state 0C4’ is exhausted and reduction in the-OC3 state
begins. Thus, for reducpion it 1.249 ¥ (F%gure 5-5), the oxide
coverage O at T, = 10 s ie much lower than would be expecte;‘by
reduction through state OC4 alone; thus, reducfioh through state
0C3 has apparently become significant. Data used for evaluation of
oxide reduction through the 003 stete (e.g. Figure 5-6) have been

corrected for the coverage of that quantity of oxide reduged through

r -
o i 2a7

A

[ T S
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. .. state Op,. | _
« Attempts were made to evaluate reduction through the
- K . OCé state by a similar procedure, starting at the most cathodic
botent?a]s'(and Tong times) where changing coverages could be

associated strictly with reductipn via the 0C2 state. Unfor-

Y LRl .

tunaté]y, only a few potentials were available for which it could

be clearly shown that redﬁttion'occurs through the'Oc2 state

alone. This problem arises mainly from overlap between the ke]ative]y
S - : small Ocz.peak and the “cathoa?bﬂ/fg;; of the larger 0C3 peak. In

. - ) addition, there are inherent difficulties encountered in monitoring

" _ * the tharges (as ©) of Tow O-level species, and in following changes

T S in © with the required accuracy.

, - The-slopes {(d n G/dt)~at eabh reduction potential (Fng.
- © 5-5 aﬁd 5-6) énd for each. solution, give‘values for the "A" term
F ' . C in egns. (5-5) and (st);'these vé1ges are recorded in Table 5-1 énd
L. _- illustrate the relative rates of réduction of the oxide which had
. heen previously formed in each so1utf6n under conditions where the
rates could be’evaluated without ambiguity. fA" values for each
t- solution are plotted in Figures 5-7 and 5-8 as a function of
4 reduction potential (jog A !§_VH) and verify the poten£1a1-dependence-
of rate expected from the preQiously derived equation (eqn. 5—85 in

that straight line relations are observed. Figure 5-7 shows the

potential-dependence of the rate for oxide reduction through the Ocq

state and Figure 5-8 the corresponding potential-deperdence for
reduction through the 0C3 state. The slopes obtained from these figures

as dV/d log A give E:EKTafe1 stopes {eqn. 5-8) for the reaction

L s

1
-
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Figure 5-7 PTots of log A vs oxide reduction potentials using egns. (5-5) and
(5-8) to determine Tafel slopes for electrochemically contro?}ed'

’ide reduction in Oy, for various solutions.
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Figure 5-8 Plots of 10og A vs oxide reductfon potentials using eqns. {5-5) and

I
1.3

(5-8) to determine Tafel slopes for electrochemically controlled oxide

reduction in 0C3 for various solutions.
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TABLE 5-1
Solution Redugi:ion A (0C3) A (ch)
Potential, v, dena/dt(s™1) deno/dt(s™)
1.0M HC10, 3 1.185 1.00 -
50,7 con- 1.210 0.56 ' 0.43 |
' taminated 1.224 0.29 . 0.21 \\
\ .
1.249 0.082 0.050
1215 ! - 0.017
] N ’ e
1.0M HC10, 1.176 1015 -
v, = 1.623v 1.205 0.85 -
1.244 0.23 -
1.0M HC10, 1.244 0.23 -
. 3 : !
V, = 1.512v 1.306 0.036 ,
0.05M H,50, 1.177 1.05 -
1':;335,&;_d . 1,191 0.73 .
' 1.203 0.45 sl
1.217 .27 -
1.230 \\T\\\\_,,\\o.lz -
1.243 7N 0.088 0.055
A (f, - 1.257 0.044 0.033
0.05M H,S0, 1.138 *3.91 -
T =273 K 1.158 0.44 .
1.197 - 0.073 0.14°
1.217 0.029 0.055
1.237 0.0087 0.020
1.253 0.0035 0.013
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r . ’ ) ”; |
a;sotiatéd'with each reduction peak (Table 5-2V.. Co
Tle results indicate that az e1ectron transfer 1s involved *
as Ehe rate -determining step for the reactions giving rise to both -
Oc3 and Ocq Peaks in all solutions at 298 K (theoretica] value for
2e transfer = o.osgy) and at é?B K {theoretical va]ue-= 0.054V),

Further justification for the conclusion regarding a 2-electron

: ] process will be given in Chapter 8.
; : | -
TABLE 5-2
Solution " {dV/d log A)vy )
‘ O3 Oca :
l_ s . .
0.05M H,S0, 0.057 0.054
T=2713Kk A _ =
| .| 0.05M H,50, 0.055 L o.058.
- T -~ | T=298%
/ - 1.0 HCl0, - 0.054 " 0.048 - : -
- _2 M
‘ SO4 con- '
. taminated
1.0M HC10, 0.068 -
R * ) . '
. 1.623 V and’
1.512v
- l y .
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L. : . These results show that it is possib1e.to eva]yate the
- L. poFentia]—dependence of the appropriate rate constants. ‘Also,
_since the peeks observed in an i vs V reduction profile are mere
clearly differentiated than those observed in oXide deposition, it\
- is'apparent that the measured rates and Tafel slopes obtained may
be more d1rect1y ascribed to the kinetic behavior of a part1cu1ar
surface state (1‘e corresponding to a peak in an i vs V profile)
than those obta1ned in the experiments in which oxiae érowth

kinetics were studied {Chapter 4),

i) Significante of the 0C2 Reduction Peak .

L - It has not proven possib1e te characterize satisfactohi]y
the kinetics of oxide reduct1on through the 0CZ state. Examp]es

of linear dependence of - on Tog t and 1og @ on t have both been

obtained though, for the most part,,data are available over less

‘

than two decades of time. In add1t1on, problems 1n accurately
measuring and detect1ng changes in Tow levels of oxidébcoverage

F . - (e = 0.10 and less) are unavoidable so that kinetic determ1nat1ons
of the type used here may not be able to Be carried out reliably

for the 0c2 state.

i1) Effects of Various Anions .

L. R The effects that_Various anjons of the Suppdrting electro-
lyte have on the processes of reduction of oxide are bast illustrated
!:) by referring to Figures 5-7 and 5-8. In Figure 5—8 for example,
. the- so]ut1ons associated w1th each line in the f1gure from Jeft to .-

right, are aq. H,S0, at 273 K aq. H,S0, at room temperature, sulfate- -
4

k//"\,—v y
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contaﬁinated aq. HCIOA and finally, very pufé ™ aq}(:CLD4 solution.
The same trend is- observed as the order.of increasing A values at
given cSnstant potential (Table 5-]). When the known (Fhapter 3) .
trend of strength of iqn adsorption is considered, ﬁame]y that 804"2‘
or H§Q4' ions are adsorbed much more strongly thaq C104' jons, it ..
+ . becomes. apparent that stroﬁg]y aAsorbéd ions inhibit reduction to N
' some extent, although the-mechanism of that rédue lonti.e. in terms * ®
the slope of the d Tog A/dv iines) is'not affected significantly.

Again, the state of the metal-oxide abpears to be the priméfy'
determinant of the mechanism af reduction of that Qxide. ~

.

iii} Nucleation & Growth : ‘ c

The i vs V profiles obtained in the reduction experiments

provide extensive information on oxide redugtion as a function of

time_and reduﬁtion potentia]h H,'during cathodic sweeps.

N

The important question arises whether the reduction

processes occur through a mechanism of nucleation of holes in the e

oxide film or by random removal of oxygen species‘in the monolayer.

A distinction between these two types of mechanism can be made by

[

¢ conducting a potential sweep experiment in which the sweep is taken
rapidly to some intermediate potentialijn the i !§_V'reduction

$ R profile and then held constant. If a nucleation process were

. involved in reduction, the current would tend first td increase and
then decrease during this holding time. In all reductions and at

many potentials investigated in the range over which reduction is

observed, no behavior of this kind was evér observed.




Similarly, if a potential sweep is taken to some
1nte?meqiate Potential in the anodic i vs V profile, and then held
constant, only continuausly decreasing anodic currents arg'aiwayé
observed - never an 1nérease fpl]owed by a decrease as would be ' -

o expecteqvﬁere a nucleation and growth process involved. 'S?mi1ar

‘oo

effects observed in the study offbxide growth will be discussed in

Chapter 7, but the behavior observed’constitutes strong evidence

- that a mechanism of ho]e nucIeat1on and hole expan51on is not

operative in the reduct1on of the oxide monolayer on Au so that some — ;
. .
. other process of reduction is involved, as will be discussed in -
. Chapter 8. ‘ :
- .
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CHAPTER 6

SWEEP RATE DERENDENCE OF OXIDE FORMATION AND REDUCTION BEHAVIOR

1. Purpose of Investigations at Various Sweep Rates

The potent10dynam1c method used in the present work is essent1a11y
s @ modulation techanue in which electrical ‘perturbations can be addressed
tc an electrode interface over various time scales determined by the
o potential sweep rate, dV/dt., Accordingly, fﬁis method is very convenient
_for following tﬁg kinetic response of surfadé processes go v&?ﬁdus rafes
of modulation. In particular, it is useful for following a)—the transition
from kinetic.reversibi1ity to irreversibility in a surface process and
b) the kinetic coupling between two-stage surface processes at electrodes.
Diagnostic criteria of peak shapes enable various conditions or mechanisms
to be distinyuished.

-

. : 2. Distinguishable States of Electrodeposited Oxygen Sp;;hes at Au E1ectrodes

The current-potential profiles at po{ycrysta]]’ne Au shown ear]ier,
e.g. in Figuﬁes 3-5 and 4-1 to 4-4,'demonstratea\bha%~SEVEFET’;;stinct and
reproducible s£ates of submonolayer quantities of oxide on.Au can be resolved
in the oxidation and reduction i vs V profiles before monolayer oxidation
is completed. These states are functions of the solution composition and
fhe end potentia]fdf the anodic sweep, and are intrinsic features of the
oxide growth behavior on Au; arguab]ylzg, they are common fo the initial
stages of oxide growth processes on all noble metals.
An essential procedure for inQEStigation of the kinetics of
. these submonolayer processes is the meagurement.of the sweep rate
Ve | dependence of the peék potenti;is of the stafes resolved in. the formation
| and reduction of the oxide species on Au and the evolution of the shapes .
_of the peaks themselves (see Chapter 3, p. 56).

~ .
Such investigationsrare complementary to those described in

the previous twq_ghapteFE/in‘which the processes of oxide formation and

ne
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reduction, studied as a function of potential, were described. Although

1mpo[tant quantitative relations were found in the experimenta] data for,

€.g., oxide growth as a function of time, usually several pracesses in the

 potential ranges involved, make significant contributions to the experi-

mental quantities being measured.

The methods to be described here permitjjndividuai resolved

o’

processes in the surface oxidation to be studied, and aive quantitative

_information on the kinetics of the individual processés and their respective

.

b}
reversibilities.

Use of diagnostic parameters of i 'vs V profiles for ‘surface

- reactions, described earlier in Chapter 3, p. 56, provides important bases

for interpretations of theé results to be described in the material which
\
In the experiments described below, the variation of peak poten-
t1a1s, p for the various currvent peaks observed in the anodic and cathodic
sections of the i vs V profiles was studied as a function of sweep rate, S,
and -(for réHDtt1on) of oxide coveragesgenerated in the prevﬁous anodic
sweep under various conditions.

In the reduction studies, each set of experiments was performed

at constant oxide coverage. This condition, which is required on account

of the complicating effects which arise from the variation of VP with

" coverage, was accomplished by depositing oxide at a fixed, "slow" sweep

rate which was smaller than the Sweep rates to be employed subsequently
in the cathodic direction. A range of submonolayer oxide coverages on Au

was studied by means of measurements of this type, with s between 0.05 V s"]

I

and 200 V s, in the following solutions: (a) 1.0 M HC10,5 (B) . 0.1 m

4 _3 . s . -
HC104; (c)107° M HC]OQ; (d) Q.S m H2504;_(e) 0.05 M H2504, (f) 5°x 10 4 M
H2504; (g) 0.2 M Ba(0H),; and (h) 0.1 M Na,CO5.

| -



3.

General Features

Typical effects of variation of s on the i vs V profiles

“are illustrated, for fa1r1yh1ow s values, in Figure 6-1 for monolayer oxide

3

formation and reduction in 10 ° M HC10,,. The profiles shown here are

recorded on & constant i/s setting of instrument sensitivities, so that

a capacitance scale resu1ts (i = Cs).

The f0110w1né general ;features are to be noted:
. .

_i) In oxidat%on profile, the capacitance for the initial,

reversible deposition of oxide (state OA]* © < 0.1) is constant and

1ndependent of s, indicating that the peak is for a rever51b1e process

Dev1at10ns begin to occur only at potentials approach1nq the 0A2 peak, where

current contributions. from the ]atter process begin to Be s1gn1fﬂcant.

ii} With increasing s, the depSsition of oxide, observed in the

current peak OAZ*’ occurs with a broadéning of the peak and a shift of

ot

VP to more positive values.

(cf Byrshtein

iii) Peak 0A3 cannot be well resolved under these conditions.

L)

iv) Vp, fbr the broad peak 0A4’ and the current minimum, QB
183)

much change -of capacitance, indicating that the Qroéess is irreversible

over the range of s employed.

4 v) The overall shapes of the anodic i vs V profiles do not

depend very much on s.

on s, even in the ranges s = 0.01 to 0.10 V s

However, the cathodic reduction profiles are'much more dependent

1. The major pdak, 0C3’

through which oxide is reduced, becomes much broader with increasing S

*

Definitions of these and other states are given on p70 with respect

to Figure 3-5.

» Shifts to more positive values with increasing s withoute

L e
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and its VP becomes Tless positive in the. usual way]32 due to kinetic effects.
Theoretica]1y132. a broadening of a peak {for a 1 electron

process) from a half width of 0.093 to 0.126 V and the drop of the associated

capacitance to 73% of its reversible value is expected to occur as the

surface process is driven from reversible (s < so) to irreversible (s > so)

behavior. The observed changes in the 0C3 peak (AV1/2: 0.059 to 0.110 V

and C from 1.85 to 0:9 mF) are, however, larger than this and must therefore

reflect a complex surface reaction probably with a pre-electrochemical

step which supplies the electrochemically active species. At higher s,’

this time-dependent step effectively spreads out the availability of this

electroactive material for reaction over a wider potential range as the

sweep progresses, giving a broadening of the peak (gf_Fig. L p: 59). A
quite different behavior is observed for state OCZ’ although the
values fdr Fhis peak ane not easily measured due to some over]ag\with the
nueh Targer 0C3 peak. " The most striking feature of the 0C2 peak is the
independence of its i/s on s. The constaney of i/s and the shift of VP
s indicate that a simple irreversible surface reaction is involved.

Quantitative treatment and further discussion of these effects”

f011ows, but the trends d1scussed above must be kept 1n mind.

4, Sweep R’%e Dependence of Anodic Peaks
- ’ Although severa] anodic i/s peaks can be distjnduisﬁEd in the
surface okidation of Au, their overlap (cf Fig.\S-]) prevents quantitative
analygis of their form, e.g.. through AVI/Z evaluation. '
Figure 6-2 illustrates the variation of Vp with log s for two
states (0A2 and OAq) of surface oxide formation on Au in 1.0 M HC104, and is
representative of the dependence of VP on log s for all the solutions ‘
studied. The variation of the potential of the "Burshtein minimum" (VB)

with sweep rate is also shown. The dependence of Vp on log s for the other

-
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identifiable peaks cannot be followed for moré than a decade of s due to

peak overlap problems. ' ' ' -
The variation of VP with log s for peak 0A2 is Tinear over more

than four decades of s.(Figq. 6-2), with‘a slope of 24 mV. The 0A4 state

behaves similarly (over 2 decades), giving a slope of 30 mV. Figure 6-3

shows corresponding behavior for a]ké\ine.[o.é M Bé(OH)z] solutions at

298 K. Linear Vp vs log S relations are also observed, again with low

s1opss.
The results for various solutions are summarized in Table 6-1.

Some data. for resolvable pea?g, other than those referred to in Table

6-1, can also be{gsziigiifggg only over a small range of s before overlap
* - ] Fd . —_—
 effects eliminate resplution. In clean 0.5 M H2504, for example, five

current peaks (excluding the initia]ioA]) can be identified and folToweq
as a function of Sweep ate over limited range of s values (EE 0.001 to
ca 0.1V s™') with a /\dyq/s;’ 0.023, 0.035, 0.018, 0.020 and 0.030
V/decade s. - L

From theée re§u1ts, it is evident thatf;he peaks observed for
oxide deposition are not highly sepsitive to sweep rate, in con}rast to
the results’ (below) for the cathadic current peaks observed in reduction
of that same oxide. .

These slopes are surprisingly iow for a surfage process and
would conventionally indjcate that a multi-step mechanism is involved,
which is actually hardly possible here. This important result will be

examined in more detail in Chapter 8.
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TABLE 6-1% :

dVp/d Tog s for Oxide Deposition Processes at Au

Solution OAZ 0A3 0A4 VB
" (onset peﬁk; .

1.0 M HC1, 0.024 . 0.030  0.060
0.1 M Hcf1o4 0.020 0.045  0.025 ¢ 0.090
107 M Kelo, 0.038 o 0.040  0.085
0.5 M H,S0, 0.023 0.035 - 0.030  0.00 =
0.5 M"H,50,(273 K) 0.028-0.038 . - . 0.055
0.05 M H350,(293 K) 0.030-0.038 - - 0.062
0;1 llagl0; 0.045 - - . -
0.2 M B%(OH)2(273 K) 0.042 . - - -
0.2 M Ba(on)z(zga'k) 0.027 0036 0.017  0.085

5, Sweep Rate Depenaénce/of\Cathodic Peaks

Cathodic sweep experiments reveal more details of the behavior
states of surfdce oxide at Au than are obtainable in anodi; sweep, because
the additional effects of (a) the end potential, VA’ in the previous
potential sweep and (b) the time of holding aE VA can be independently
varied, as well as the sweep rate itself in the cathodic transient. Better
evaluation of the diagnostic parameters can then be made.

" When low coverages of oxide species are studied (OO < 0.1), it
is possible to determine the influence of sweep rate on the Eurrent peak
for reduction of oxide in state Oc (ng. 6-4 for 0.1 M HC10,). The
results show that -this species behaves kinetically in a very reversible

way. Thus, Vp is essentially independent of~s until s > 10V 57V,
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‘Thereafter dVP/d log s.= 0.12 V, i.e.'2RT/F. The corresponding Se

0C1 to a single decade of sweep rate or less.
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1

value is 9.7 V. s™'. While results of this nature were obtained in several

solutfons, Vp for 0., cgﬁﬁgt be accurately followed if s > 200 V 57 due
to uncompensatable "iR drop" effects; Thiélliﬁifs, practically, the ranﬁe
of s for which linear variation of VP wiﬁmdﬂﬁ?s can be observed for peak
As was also shown in Figure 6-1 (and earlier in Fig. 3-1) the

other major peaks for reduction of oxide do not show reversible beh;vior,
even ;t the Towest sﬁgén rates employed. In 1.0 MHC]O4 at 298 K (Fig .{
6-5), Vp for 0C3 is linear jn ng s with dvplloq s ~0.070 ~ 0.080 V¥ for
several 6xide coverages. Similarly, the behavior of 0C2 qivéé‘dvp/d log.s
= 0.060 - 0.075 V (decade s)'1. IH 0.5 ﬁ'aq. HZSOQ (298 K}, for a sefies
of oxide coverages, dV,/d log s = 0.055 - 0.070 and 0.052 - 0.060 V

)-1

(decade s for states 0C3 and OCZ’ respectively (Fig. 6-6).

In alkaline solution, namely carbonate-free 0.2 M Ba(OH)Z, a
different result is obtained. As discussed in Chapter 3, oxide species
deposited in this medium are not reduced in the 0C3 state in sufficient
quantity to allow accurate quantitative megsurements, although a small
"0C3“ state can be seen to be present. The peak.potential for the
principal peak through which reduction‘qf oxide species occurs, now'OCz,
does exhibit the usual log relation between s and Vp (Fig. 6-7) over |
several decades of s. de/d log s'varies from 0.092 - 0.107 V (deqade 5)71.
The additional log region for'VP Le]ow:s = 0.10 V s'] (Fig. 6-7) cannot
be well characterized; there 1S no sharp transitign to reversible behavior.
The variations of the diagnostic parameters AV1/2 and i/s w?th
log s (Chapter 3, p. 56) are shown in Fiqure 6-8. One grodp of the

1}
original i/s vs V profiles from which these data were obtained is shown

“
-

[ S S R
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4 o
Au
g 0.1M HCIO4
gg SA= 050 Vs
E3
20013 -4
3 oF
>
£ 150~ _
~
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\
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o

Figure 6-8 Variation of diagnostic parameters A\J]/z and i/s with log s for
reduction in states 04 and Oc, of oxide previously formed at

0.050 vV s™' on Au in 0.1 M HCIO

.

4 298 K.
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in the ugber part of the figure. Figure 6-8 shows quantitatively what
was des¢ribed earlier in section 3), 1;e._the continuing decrease of
capacitance, C, for state 0C3 as s js_increased, in quite striking coMtrast
with the essentially constant C‘values for oxide }eduction through state
Ogn. Similar results are found for rediction of oxide states in all the
acid solutions studied. -5 ) L4

AVI/Z values for the OCB‘peak increase in rouqh]y—logarithmic
fashion with s (Fig. 6-8), and then, as s > 1.0 V‘S-I, an even larger
increase is observed. As discussed in section 1), such an increase in
AV1/2 is‘iarger than can be due to a simple surface reaction, and indicates
that a 2-step reaction could be involved with a pre-electrochemical step.

e -
Similar results for AV1/2 are shown ™ Figure 6-9 for 10 3

HCjoq,
vhere it is seen that AV1/2 increases very rapidly from 60 up to > 160 mV
as s is increased from 0.010 to 0.50 V 5'1. As was discussed in Chapter 1,
several authors have aFEued that the reduction of oxide monolayers

occurs through a mechanism of nucleation and growth (or nbcTeatioﬁ of

holes when referring to ogide reduction). However, theoretical evidence
(discussed in Chapter 3, p. 56) now indicate&xthat the highest value for
AV?/Z which can be observed when a mechanism of nucleation and growth

("n + 9" in Fig. 6-9) is operative (nucleation of holes when referring

to oxide reduction) is 63 mV]32

and this-value is exceeded in the present
experiments for all but the very lowest sweep rates at which Qxide reduction
has been studied {Fig. 6-9). Thus, a mechanism of nucleation o; holes
for oxide reduction is rot supported by these results, nor by some other
experimental behavior to be discyssed on p. 259.

Theoretica11y132, AV]/Z values are much larger than for

nucleation and growth if the mechanism involves simply irreversible random
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Figure 6-9 Variation of diagnostic parameters VP and AVT/Z with log s for
reduction in states 0C3 and OC2 of oxide previously formed to V

A

3y HC10,, 298 K.

1.652 V at Au in 10~
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deposition. Thus, under the latter conditons, AV]/Z should be 126
mvlig\if the interaction effects are negligible (g = 0)." Experimentally,
this value is éxceeded for oxide reduction af-only the highest sweep:
rate ei%]oyed (Fig. 6-9). The values obtained for AV1/2 (OCB) are
consigtent theoretically with an irreversible random process occurring
unger conditions where weakly attractive interactions (g small and
négative) operate between the oxide species. -

It is important to emphasize, however, that these increases
in AV]/2\wiE€ increasing sweep rate are larger than those predictad
theoretica]]yk32 for the effect of sweep rate on a simple {1-electron)
e1ectrogh§gjcﬁ1 process in transition from reversible to irreversible
behavior. Thus, if a physical or chemical step in the méchanism of
reduction of oxide is coupled with the e]eétron transfer step, it introduces
a kinetic time effect in a linear sweep experiment, manifested by peak
broadening. Such an effect is strongly indicated by the experimental
results. The existence of such a step, which must be relatively sTow
compared with the electrochemical step(s), accounts for the reduction
of an increasing quantity of oxide in the 0C3 state at lower sweep rates
when additional time is available for the time-dependent (chemical)
process to take place during the sweep. There is considerable support
for this interpretdtion of the present results, based on computer simula-
tion of the kinetic behavior of surface reéctions13] referred to in
Chapter 3, p. 59. This behavior will be examined in more detail in
Chapter 8.

Figure 6-9 shows the variation of Vp (063) and V, (Dcz)
with log s. For the data of this figure, however, the sweep rates

employed for oxide formation and reduction were identical, so that oxide

coverages are somewhat higher for oxide deposited at the lower, than at

TR o e ol et aliniadaLE
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the higher, sweep rates. Since Vp for the larger peak 0C3 is displaced
to more cathodic potentials at higher coverages, this resdlts in the slope
dVP/d log s for the smaller OC2 state somewhat higher than should otherwise
be expected.

In alkaline solution [carbonate-free Ba(OH)Z], the peak i/s
value for the "main growth peak", DCZ‘ shows the same decrease in value
with increasing s as is observed for the OC3 peak in acid soTution
(Fig. 6-8). It is, however, not possible to measure accurately the various
quantities associated with the OC3 current peak in this medium. AV]/Z
va1u§s for OCZ follow the same trquzzggg_gjth similar values, as already
described for OC3 in acid solutions (Figs. 6-8 and 6-9).

The dependence of VP on log s, for various ranges of s and oxide
coverages, is summarizedlin Table 6-2 for results obtained in the seven
electrolyte solutions used.

TABLE 6-2

dVP/d Tog s For Oxide Reduction Processes At Au,

in V (Decade o)

Solution OC] OC3 OCE

1.0 M HC10, - 0.079-0.08N 0.060-0.075
0.1 M 1ICl0, 0.120 0.060-0.068 0.075-0.085
1077 1 HC10, 0.110 0. 060 0.100

0.5 M H,50, - 0.050-0.070 0.052-0.060
0.05 M H,50, - 0.060-0.070 0.070

0.1 M Na,Co, 0.070 0.055-0.060  0.085-0.110
0.2 M Ba(OH), 0.080-0.0095 0.010-0.060  0.090-0.107

The ranges of values shown for 0C3 and 062 in acid solutions are
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derived from the results of many measurements at varying oxide coverages.
The other data are less extensive. w )

It appears that an average, or typical value of dVP/d log s for
Oy would be ca 0.12 V (decade s)1, for O,,, it would be ca 0.060 V
(decade s)*1 and for 0c2 ca 0.060 V {decade s)_] or more. It may be
misleading, however, to round off these values for the sweep rate dependence
of VP to values of theoretical significance, e.qg. 0.060 V, viz. 2.3 RT/F
as we have done here. The i vs V ﬁrofi]es (e.g. Fig. 6-1) show thét the
slope for OCZ is significantly higher than that for 0C3’ so that peak OCZ
aﬁpears to “move out" from under OC3 as s is increased. Hence, the values
for dvp/d log s for these two peaks cannot be equal. -

Additionally, only 2 aor 3 points are évai]ab1e for evaluation of
the effect of sweep rate on VP for OC] due to the high 5% for this peak.
At such high sweep rates, uncompensatable "iR drop" effects vitiate
the accurate evaluation of dVP/d Tog s.

It is to be hoted that the dVP/d loa s values for the peaks
resolved in cathodic sweeps (Table 6-2) do not correspond in any simple
way with any of the values (Table 6-1) for oxidation peaks observed in
anodic sweeps. The Tatter values are usually lower, in fact surprisingly
tow, for a surface process. They would conventionally indicate that a
muiti-step mechanism is involved. These differences are due in part to
kinetic effects associated with slow anion adsorption/desorption processes
which are connected with the kinetics of the oxide formation or reduction
processes themselves, as will be discussed in Chapter 8. .

6. Summqu

The following general points are to be noted:

ek AL A
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a) The slopes of the anodic i/s vs V profiles are similar,
in a general way, for the various solutions (p. 69) investigated,
inc1udjhg alkali [Ba(OH)z] (apart from the unusual beh;vior in the
so-called double-layer region [Fig. 3-8]).

b) The onset of surface.oxidation and the overlap of peaks
OA]’ OAZ etc. depends on the anion of the electrolyte, because of ion
adsorption effects (Fig. 3-2).

c) The i/s values for the various anodic peaks are comparable,

~ N
~
rd
~

that for OAZ being the largest. -

—~

d) Although the AV value for the first main(peak in surface

1/

3
oxidation of Au is ca 70 mV, the rerainder of the anodic okidation i vs V

profile requires a "g" factor valu .of ca 12 to account for its spread
as is also found for the oxide £idm at Pt beyond the monolayer OH stage.

e) Bfoadeninq of an 1 vs V profile with increasing s can also
arise when a chemical step is kinetically counled with an electrochemical
one. Then peak broadening (M’]/2 unusually Jarge)} can arise with increasing
sweep rate, even when g = 0. Cases like this can arise in the present
work,

f) Apart from the small quantity of oxide deposited and
reduced reversibly in the OA]/DC] region, reversible béhavior for which
dvp/d log s = 0 is not observed even at the lowest sweep rates. This
must be attributed, we believe, to time-dependent, non-electrochemical
steps in oxide growth and reduction, as well as to slow anion adsorption/
desorption processes.

g) Diaanostic parameters (e.q. AV]/Z for 0C3) indicate that
exXide reduction is not a simple surface reaction, but rather a 2-step

process with a pre—e1ectroéhemica1 step. Also, a mechanism of "nucleation

and growth” (or nucleation of holes in reduction) is not supported.
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'
Interpretatiqgi of these important results, and”the nature of

-, .
the time-dependent non-electrochemical processes, will be suggested in

more detail in Chapter 8.
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CHAPTER 7
HIGHER EXTENTS OF OXIDATION AND THE EFFECTS OF AGING OF THE OXIDE

In preceding chapters, detailed information was given on the
kinetics of oxide growth and reduction, especially with regard to the
influence that variables such as potential and type of electrolyte have
on the constituent processes. However, it is Aesirable to learn more
about the interrelationships hetween the various states which aive rise
to the current peaks in the i vs V profiles.

White some experimenta1‘observations on this question were
a1reédy discussed in Chapter 3, important additional information is

provided from studies of "aging" of the oxide film.

Recent work in the literature shows that oxide films: in the

monalayer range on Pt20’128 and on Au]]8 undergo some aging processes.

In particu}ar, the kinetics of electrochemical reduction processes are

sensitive to aging of the oxide, as revealed for Pt by Conway g;_gl?O’Z] ;T

q
in acid aqueous systems and by Arvigl 2,193

recently, Arvja118;]}9,]28

in molten salt systems. More \
has extended his investigations to include what
he has termed "dynamic aging" of oxide monolayers at Pt”g’]z8 and Au]]B’]]g
e]ectrddesjin aqueous acid solutions. ~Arvia, who observed the tyne of

aging described below, has also 1ndicated12 that both anodic and

catﬁ&dic patentiodynamic i vs V profiles depend stronaly (e.q. the

peak potentials, VP) on both the rate of potential sweep and the end
potential reached in the anodic sweep, and that thése effects, he

supposed, are related to aging of the oxide. Suéh a conclusion, is

clearly not supported experimentally for ancdic sweeps (Chapters 3

4
-

and 6], and is justified only under circumstances in which, and to
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the extent that, the sfrong dependence of various current peak parameters
on sweep rate referred to is qgreater than that normally associated Qith
sweep rate effects for kinetically irreversible current peaks

Effects of this nature have been found for oxide monolayer reduction

at Au and were described in the previous chapter. ’

Aging effects are manifested as shifts of potentials of
reduction current peaks to Te;s positive valués under circumstances
where conditions have been chosen so that total oxide coverage remains
constant, 1:e. no net electrochemical formation or reduction occurs
in the aging period. Results of this kind have been verified in the
present work and a more comprehensive investigafion of abing effects
has been made.

The special V vs t préqram used to evaluate the aqing effects
was shown in Fiqure 2-5f (p.49), After formation of an oxide film
tinder the required conditions, partial reduction of that film is allowed
to occur in the subsequent cathodic sweep.

Followina this nrocedure, two types of subsequent potential
change are addressed to the electrode:

(i) After the partial reduction, the oxide film is re-formed
up to the same positive end notential as in the previous sween.

(i1) After the first formation of the oxide film, partial
reduction and re-formation of the film, as in (i), is conducted but in
a repetitive manner, often at elevated sweep rates. Finally a reduction

curve is taken and compared with that in a sinqle anodic/cathodic svieen,

Briefly, the results of procedures (i) and (ii) are as
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follows: (i) after ihis procedure, the i vs V profile for the next
anodic sweep is very different from that for a éomp]ete sweep on a
previously unoxidized surface; (ii1) after this procedure, for a con-
trol]ed‘period of agina, the final complete reduction profile is very
different from thagxobserved in a normal cyclic sweep over the full

DOtEhtial range. The agin;}effect depends apprec1ab1y on the potent1a1

13m1t (V in Fig 2-5f, p. 49) in the.particular reduct1oﬁ sween i.e. on

how much coverage of ox1de remains after the ‘partial reduction.

Experiments of thesg kinds enable growth of oxide, from a
pre-existing partially complete oxide film, to be studied: this
incomplete film is different from that which would exist on the surface
at the same potential had it been qrown directly from an initially
bare surface. '

Thusf appropriate choice of the potential 1imit for partial
reduétion can selectively eliminate all or part of the oxide reduced in
a qiven state (e.q. OCB)' In this way, the effecg,of commencing re-
deposition and growth of an oxide film without the oxigg~anecios
corresponding to e.q. the DC3 reduction peak can be followed, i.c. on
a surface with only oxide in the OC2 state present. A]sq, mu]tin]e
cycling (e.q. for 20 minutes at sweep rates > 2 V 5_1) enables quiic
small changes in the states of the oxide film to be selectively distinquished
as the aging process continues.

Before proceeding further with fhis discuss;;n, it is necessary
to describe briefly the behavior bf "higher" extents of surface oxidation
that are developed in the course of the zging treatment. Me shall not
discuss these effects further because they corresnond to oxide deposi-

tion above the monolayer level.
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1. Extents of Oxidation Greater than a Monolayer

. Extents of oxidation g}eater than a monolayer cqn.be écﬂieved
at Au, as at Pt, and refer-to species.deposited beyond the nomiha1
monolayer 1imit of 6, = 1 (oxide counted as 0 species). Such oxide
species develop on Au under strong anodic polarization or when the
oxide film is aqed in a cycling regime over a restricted (oxidizing)
potential range. In either case, the oxide film thickens with the
appearance of new characteristic current j;;}s observed in the cathodic
i vs V profile, with less posifive Ueak'potentia1s.

The development of higher coverages in oxides deposited from
0.05 M H,50, at 273.K is indicated in the family of i vs V profiles
shown in éﬁqyre 7-1, recorded for a series of successively increasing end
potentials in the anodic sweep. Profile #1 shows oxide formation up to
géjJ.O monolayer (as 0 species). The reduction of this oxide occurs
predominantiy through the OC3 state, althouah Hme reduction throuah
0C2 is evident.

The continuous shift of potential ij) for this reduction
peak to less positive values as the Jearee of oxidation of the electrode
is increased in successive sweeps indicates that the oxide formed is
more and mora stable wifh respect to reduction. That is, more cathodic
potentié1s must be applied in order to reduce the oxide. This 1mp11és
that a more stabhilized oxide phase is produced under these conditions,
presumably because the app]iéatjon of higher potentials and an ingreasing
amount of timeispent at these oxidizing potentials has enabled a more
complete re-organization and stabilizationgof polar oxide species in
the growing oxide to be attainedi ‘This behavior is evidently coupled
with the trend to muitilayer oxiaém#orgation as { > 409 uC cm-z.

3

As fhe quantity of oxide deposited becomes increased in
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successive swqeps taken to progressively higher potentfals.'the oxide
reduction behavior changes. : ' .
The current peak, OCZ’ appérently at saturation coveraqe,
ceéses to be observable when reduction oroceeds from hinher coverages,
Even before the highest 1e¢e] (Oo = c¢a 2 monolayers of 0) of oxide
deposition obgérved in Fiqure 7-1 is attained, reduction appears to occur
in a single current pveak. It is be1.ieved that th s‘ corresponds to
reduction of an oxide film greater than a monolayer in average thickness,
as opposed to reduction of submonolayer quantities of oxide for which
multiple cathodic peaks are observed as in Fiaure 3-5 and 4-1 to 4-4.
' When the oxide film is formed in 0.2 M‘Ba(OH)2 at s = 2.0V S-].
similar behavior is observed. In Fiqure 7-2a a series of i vs V profiles
are recorded for oxidation at a series of higher potentials in successive
100 mVY increments up to 1.90 V.
In reduction of oxide deposited in the anodic sweep taken to
1.90 V, a new current peak (besides the dominant OCZJ emernes at
potentials ca 100 mV more positive Ehan OCZ‘ as well as substantial
reduction currents at poténtia]s just neqative to 0C2' (Note, it is the
Oc, rather than the 0C3_neak in Ba(OH)2 which is associated with reduction
of the main anodically arow species.
The e%fects of aaing of oxide formed in aq. Ba(OH)Zlunder
these conditions are seen in Fiqure 7-2b, where a series of reduction
profiles recorded after a series of aging re-oxidation cycles between
V.10 and 1.80 V are shown. The effect of the longest aqing time \\‘)
(2.5 minutes) on the i vs V profile is seen in Fiqure 7-2c, superimposed ,\‘
on the normal multi-sweep profile for potent{al taken to +1.80 V. EH'
The relative extent of oxidation of the Au surface with the aqged oxide '

is ca 2 expressed as “OO".
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Potentiodynamic current-potential profiles for Au at 2.0V s~

298 K in 0.2 M Ba(OH)2 for (a) a series of anodic end potentials;

(b) development of higher extents o? surface oxidation throu‘qh
—

dynamic aging of oxide and (c) comparison of monolayer oxide

reduction profile with highest coverage profile of (b)
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The emergence of a peak in the profiles of Figure 7-2a which
may be attributed to reduction of a more extensively formed (OO > 1)
oxide film, is seen also in the profiles of Figure 7-2b., However, as
the currents in the emerging'peak become larger, the peak potential shifts
to less positive values and this peak eventually becomes the ma}n one‘g
observed for oxide reduction as in Figure 7-2c. iThe 0., state has become
“saturated at ca its value in Figure 7-2a. In addition, the increasing
currents observed on the cathodic side of the 0., peak in Figure 7-2a have
now become so appreciable that a new major current peak evidently
develops, as seen in curves 5 and 6.

The results indicate that some additional states of the oxide
film can be distinguished beycond those attributable to monolayer processes
and befors "bulk" (O0 + EE.E) oxide deposition becomes established. These
peaks are associated with reduction of the more extensively oxidized
(GO > 1) surface. Note that when a true "bulk" species is formed its
reduction will occur at a constant potential, apart from kinetic and
iR effects. The progressively narrowing neaks as “OO” increases beyond 1

indicates a gradual approach to "bulk" behavier in this respect.

2. Aging of the Oxide

The use of aging V vs t programs to study oxide growth has
the advantage that oxide growth processes are altered in a sensitive
way depending on the aging history and the potentia] Timits of the
aging cycles. Multiple cycling during aging can effectively enhance,
or “de&e]op", quite small effects otherwise not detectable.

Figures 7-3 to 7-6 show the effects of varying the reversal
potentia1; V2, in the program of Figure 2-5f, p.49 for oxide formation
and reduction in 0.05 M H,S0, in a sweep up to 1.47 V. The profiles

2774

of Figure 7-3 are obtained after aging for 1 minute in cycles at 1.0 V s_1
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Figure 7-3 Potentiodynamic current-potential profiles for Au at 1.0V 5_],
293 ¥ in 0.05 M HZSO4 for reversal of the cathodic potential sweep
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Fiqure 7-5 Potenticdynamic current-potential profiles for Au at 1.0 V s_], 298 K in

0.05 M H2504 for reversal of the cathodic potential sweep at various poten-

tials, V5, and "dynamic aging" of th&oxide to 1.47 V for 1 minute using

program f, Fiqure 2-5, p. 49: (a) Vo = 1.13 v; {b) Vo = 115V and (¢)

V2‘= 1.18 ¥



CURRENT/mA

ANODIC

Fiqure 7-6

- 207 -

Au:0.05 MH, SO,
s=].0Vs™

CATHODIC

O
AV
l

CATHODIC

Potentiodynamic current-potential profiles for Au at 1.0 V s-],
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between 1.47 V and the selected value of V,, and show that no effect

of aging is seen in the reduction current profiles until the reversal

potential has been increased to 0.98 V (Figq. 7-3c); the lowest value

of V2 for which an effect can be.observed. The lack of any aging effect

under these conditions must be attributed (at V, < 0.98 V) to the complete

reduction of the oxide (after sweep reversal) before oxidation currents

re-commence in the anodic sweep, even when the cathodic 1imit of

“"partial" reduction is 0.98 V. The currents observed aFte} sweep reversal

are still cathodic for close to 100 mv a]qng the reverse (anodic) sweep

(Fig. 7-3c), i.e., until the potential has been raised to ca 1.1 v,

Apparently a bare metal surface has been restored at this potential in

the profile, following the reversal of sweep in the anodic direction,

The behavior here (Fig. 7-3c¢c) is typical of s]ownésb in the reduction

process as was indicated by the hoiding experiments described in Chapter 4.
The i vs V profiles in Fiaqure 7-4 show the first effects of

aqing as V2 is increased to 1.03, 1.05 and 1.03 V, respectively. Under

these conditions, aging of the oxide results in a sliqht reduction of

the overall quantity of oxide on the electrode surface, as measured in

the final reduction of the aged oxide. In addition, the distribution

of reducible oxide species shifts with increasing V2 so that smaller

quantities of 0C3 charge, anq lTarqger quantities of OC2 (and especially

OCZ‘) charae can be detected. These conditions of repetitive cycling

apparently allow the oxide species reduced in peak 062 to accumulate

at the expense of those aiving rise to 023. Since the aging

program is expected to produce an ionic environment‘at the electrode

interface in which the averace, or steady-state concentration of anions

is diminished as compared to multisweep conditions as V2 increases, a
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tentative explanation for these results may center on the influence of
anions on the reduction of the oxide species, as will be discussed
further in Chapter 8.

Alternatively, the formation of oxide species reduced through
OC2 may be blocked by anions, so that a surface environment, from which

these anions have bean largely eliminated,<may permit the accumulation

of these species beyond previous limits or saturation levels (Chapter 3).

[t must be borne in mind, however, that for V2 >0.98 v
oxide is not éomp]ete]y removed from the electrode before subsequent
oxidation (after sweep reversal) commences at potentials > 1.4 V. This
remaining oxide may serve as a base for the next cycle of oxide qrowth
and partjal reduction but, because of the manner in which OC2 charae
accumu(qtgs, 1t appears that oxide is denogited on the remainina bare
metal Surfgce with the same distribution between reduction states as

"would normally be expected. Thus, DCZ is acpumu1ated in successive
cycles necessarily at the expense of OC3' This is of fundamental
importance; it implies that the states O_, and 0., are not fixed

C2 C3
stoichiometrically either as well defined different chemical snecies or

as the same species but deposited on different crystal planes of a
polycrystalline surface,

As V2 is increased further, the same trend continues,.with
increasing reduction of oxide being observed in the OC2 state in the
final reduction profile (fég. 7-5). Mhen V2 is sufficiently hiah, a
critical aging condition is apparently established for which the total
measured oxide species on the electrode increases during the aaing

(Fig. 7-5¢ for v, = 1.18 V).

A further increase in V2 (Fig. 7-6) results ultimately in

]

e
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reduction of the oxide f4Ilm in a single large peak, whose VP increases

to slightly more positive potentials as oxide caverage increases

(cf Figs. 7-6a and 7-6b). This behavior 'is contrary to that observed. .
in the usual aging effect and, in conjunction with the increase in the
overall oxide coverage which is observed when V2 exceeds a critical
value (cf Fig. 7-5b and c and Fig. 7-6a and b), must be attributed to
the reduction_of oxide at OO > 1. Thus the shift in VP to more positive
values arises on acéount of superposition of siqgnificant currénts for
reduction of more extensively formed oxide films.

Similar behavior is observed in an exneriment on the aqing
of an oxide at a low coverage (OO = 0.2) in 0.05 M HZSO4 solution: the
initial oxide formation and the éventual oxide reduction aredcarried
out with s = 0.10 V s~ but the aging is conducted at s = 10 V. 5"

For these conditions, aging still continueé after 90 minutes
(Fig. 7-7) of cycling, althoush most of the effect is completed after
justpone minute. The trend described above, in which a proqressive
increase in oxide species reduced in the ch state occurs during aging,
apparently at the expense of oxide species reduced via OC3‘ is ayvident
in these profiles. Fiqure 7-7 also shows the final anodic oxidation sweep

in the aging process before final reduction of the aged oxide is recorded,

The oxide deposition profiles obtained in this way indicate that, as

2ging processes continue, smaller currents are observed in subsequent
anodic oxidation regions of the aging sweens. This indicates that the
build-up of oxide species eventually reduced as OCZ‘ and the increasing
_quant%ty'of such species not reduced in the cathodic sweep down to Vé,

appakently has @ blocking effect on further surface oxidation. This



By "d ‘G-2 dunbLy Y} wealodd LULSN WL} 4O SPOLLBA SNOLUEA JO) A St | OF _-m A OL 2®
3pLx0 8yl 40 ,burbe drweudp, pue A #1'1 = N> 18 daams |PLIUBIDG DLPOYIED 3YT 40 1PSAaAal

Lom vomwx :mo.o:_xmmm .w-m AOL'G ¥ Ny J0Y S3[14040 [ BLIUBIOM-TUILJND DLUWRUAPOLIUII0Y an gJanby g

HuAs
LS I

IO

/AT

Tt



- 212 - . \ : \/—\j

indicates strongly that the species firsf.formed“in oxidation are the
last to be reduced in the cathodic sweeo. That this aging effect
occu?s even at low coverages of oxide (O = 0,2) is ka . rprising
and is an important clue towards understanding the Drocgﬁfes &1v1nq rise . ’
to these peaks.. In addition, a saturation coverage 1ev§1 is usually
associated with oxide reduction via OC2 in H2504 so]uE)bns.

It is clear that the aging process allows ébout twice the level ~
of oxide species associated with the_OC2 state to be formed on the electrode
than was earlier (Chaboter 3) associated with supposed saturatian of
that state observed (Figs. 3-3, 4-4 and_ﬁ_lg) in H, SO solution. A
detailed explanation of these and related effects will be given in the
‘ollowing chapter, correlating the results described in earlier chapters.

In a similar experiment, ca 0.9 mono15yer of oxide formed in
the same solution was aged (thpuqh with VZ = ]:12 V compared with 1.14 v
5bove) for up to 10 hours, aaain with aging performed in a cycling
regime at s = 10 V ¢ (Fin. 7-8).

A very dramatic increase in coverage of species reduced as
OCZ is observed in the final reduction of oxide after aaina, acain at

oA

the expense of species giving rise to the reduction cur%ent'peak OC3'
Aso, the currents measured in the oxide deposition profile significantly
decrease, especia11y in the early stages of oxidation. This illustrates
agaﬁn the relationship of first formed oxide species to those reduced
last in a cathodic sweep.

Similar effects are observed for aging of oxide films in

HC]O4 solution.

Studies on aging in 1.0 M HC]O4 do illustrate some differences

in aging behavior (Fig. 7-9): when V2 is increased up to 1.25 V,
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the principal result of agiﬁg is an increase in cﬁrrents for state 0C3= R
with a continuous shift °f,Vp (0c3) to. lower potentials for longer aging -
times and increasing coverages. However, the quantity of charge associated
witp oxide reduction in the 0c2 state is apparently ﬁnchanqed.by the
aging process. Thus, potential c}c]inq between 1.25 V and 1.50 V
"ages” the oxide with an overall growth and éhickening of the oxide
film (growth not necesséri]y occurring in the same fashion as oxide
growth at constant potential) producing some higher oxide species. This
behavior is in contrast to that observed in aging procedures employing
1ower-V2~vaIues for which some transformation of oxide species occurs so
that more oxide is reduced in state 062 at the expense of that in OC3'
An interesting feature of the reduction of more extensively
formed oxides produced after longer aqina times is that a constant -current
tail is observed in the cathodic sweep at potentials negative to the
OC3 peak, e.q. as in Fiqure 7-9, and becomes lcnger as the extent of
surface oxidation increases. This behavior, similar to that found in
oxidation of metal films on Au when alloying accurs, is presumably due to
slow emeraence of sorbed 0 species by diffusion from within the metal.
However, simulation studies]32 provide an alternate explanation for
this'affect in terms of sequential chemical-electrochemical reaciﬁbn
kinetics as shown in Figure L-2, p. 59 and discussed further in thé\next

chapter.

- 2N

Importantly, currents of this type are not observed in the
First multi-sweep profile after the aging experiment, thus indicating
that the 0 sorption has been effected by the aging process and is
associated with the formation of the film with OO > 1 by that process.

The same behavior is seen in Figure 7-10. In this experirent,

the potential limit of each anodic sweep is set at 1.604 v, permitfing
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-4 higher initial degree of surface oxidation to be attained. The
constant current tail in these experiments is extended for each succes-

sively higher degree of surface oxidation reached.

Summary _

The aging experiments have permitted study of fhe qrd;th and
thickening of oxide films for reTati@ely positive potentials, V2, of
partial reduction. Under these conditions, correspondingly larger residual
quantities of oxide arg-iyailab]e as a base for further growth When
further depesition of oxide Begins in a following anodic sweep.

The aging of submonolayer quantities of_pxide, éspecia11y with
appropriate choice of V2’ shows the interchange of oxide from species
reduced zas OCB.fo those reduced as Oczlduring aging. ~

The appearance of an apparently diffusion—contro]LeH/Timiting
current tail in oxide reduction profiles {expecially of higher oxides),
perhaps due to slow emergence of sorbed 0 species from within the mpta]
electrode, has important implications for the mechanism of oxide film
growth beyond a monolayer of 0 species. Howevery.another explanation.
far fhia behavior exists.

}he aging effects obsérved in this study indicate the important
role of non-electrochemical, time-debendent steps in the overall process
of stabilization of an oxide film.

The nature of these effects will be discussed further in the

next chapte
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CHAPTER 8

Mechanisms of Formation and Reduction of

Oxide Monolayers and Submonolayers on Gold Electrodes

The experimental results for oxide formation and reduction
which have been presented in the preceding chapters will be examineh in
relation to the following three questions:

1) What is the significance of the various distinguishable
current peaks for depecsition and reduction of monolayer quantities of
oxide observed in i vs V pro%i]es?

2} What mechanism can be invoked to explain the charge-
time data for oxide growth and reduction? That is, what mechanisms can '
result in kinetics Tinear in en 0 vs t (p.126) and in O vs log t, |
independent of V, (p.132)?

‘3) What are the mechanisms operative’jELoxide deposition and

reduction? ' /

T

1. Recapitu1atioh of Critital Experimental Results

- Several results from the study of oxide growth and reduction
at constant potential must be correlated with results from sweep rate
stud{es in order to understand the overall processes. It must be mentioned
that the potential-step method by which oxide is arown in the growth
kinetics measurements described in Chapter 4 can be exnected to produce
kinetic results inherently different from those obtained by the Tinear
potential-sweep method, .
| The iqgortant fa?Qékcan be summarized as’ follows:

i) In deposition and reduction of oxide m5n01ayers on Au,

multiple states of adsorgtioﬁ of OH or 0 species below monolayer coverage

are resolved in the 1 vs V profiles. As is well known, the i vs V

S T

o
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profiles for surfacéioxide formation and reduction\are very different, .
indicating hysteresis in these processes. Oxide deposition takes place
initially in a potential sweep {n the 0A1 state, which is reversibly
reduced (Fig. 3-5a). Three or four current peaks may usually be observed,
before oxide coverages of ca 0.25 are attained. Contjnued deposition_
occurs over a broad range of potentials, without further current peaks
being easily distinguishable before monolayer (0) coverages are attained.
While 1ittle quaﬁtitative jnformatioﬁ’ban be deduced concerning the current’
peaks for oxide deposition, due to the averlap of component peaks,.there
are several important. features of the current peaks observed duFing
reduction of oxide over the potential range of a catbodic sweep, Firstly
(Fig. 3-5a), low quantities ofrgﬁide (0 < 0.1) may be reversibly Eeduced
unper appropriate conditions in a reduction peak 061’ which apparently
saturates at coverages (as O species) of ca 0.1 monolayer. Of the several
peaks observed in the cathodic sweep for acid solutions, the potential
for Ocz'is the least nositive. 'The coverage associated with it saturates
at ca 0.1 monolayer and its peak poténtial‘is independent of coverage.
The exact ieve] of saturation and the exact potential are é function of
so]utipn composition {Figs. 3-3, 3-4, 3-8 and Table 3-1). The main
current peak for reduction of oxide, 0C3’ is observed at intermediate
potentials (Figs. 3-3 to 3-5). -
ii) The early stages of oxide deposition are extraordinarily

sensitive to the type de concentrétion of ions of the electrolyte,

AEVEH at very high dilutions. In oxide growth at constant potential,
such effects, hoﬁever, are no longer distinguishable %rom electrolyte

~

* to electrolyte when oxide coverages of ca 0.25 and greater have been
\
\
N

~ !
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.attained (Figs. 4-5 to 4-11).
iit) The growth of oxide at constant potential as a function
- of time (Figs. 4-6 to 4-12) proceeds in thrée diétinguishable stages:
a) An 1n1tié] stage of electrochemically controlled -
growth, for which linear log O vs t relations are observed, giving
Tafel slopes of the order of 66 my (decade)h1, independent of the type
of solution.

. b) Two stages of physically contro]]eq growth, for
which linear o vs 19q t relations are observed. The observed constancy
of the slopes [do/d {log t)]vlfor each of these two stages of oxide growth _
15'1ndependent:of the nature of the solution‘in which the oxidation is
carried out. This independence of solution composition_is @ strong
indication of the importance of metal/oxide interface properties in the
rdfé—contro]]inq process in the oxide growth mechanism. Also, the
observation that oxide may apparently grow through the same coveraqge

e :

range by differgpfqmechanisms (at different potentials) provides
important information fo; eva]uation'qf suggested reaction mechanisms.

4) The reduction of oxide at constant potential throuah staqe
063 takes place with an electrochemical process as the rate-controlling
step, for which a 1inear log 6 vs t relation is observed.:  The Tafel
parameter, 2.3 b, associated with this reaction is reproducibly ca 60 mV
(decade)_]. While nucleation and qrowth is usually indicated as a likely
~mechanism of such expgrimentai behavior, information from several types
of experiments show that a mechanism of nucleation and growth of oxide

or nucleation of holes in reduction is not operative (pages172 and 189).

5) The sweep rate dependence of anodic VP values for several
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distinguishable peaks gives Tow siopes, de/d Tog s, in the range ca
20-30 mV. The cathodic current peaks are more s;ronq]y sweep rate
dependent, with dVP(OCB)/d log s = 60 mV and a corresponding value for
O[:2 of at least 60 mV-or more. ' '

In addition, several diagnostic parameters provide impértant'
insight into the proiisses giving rise to these- current peéﬁs; in

particular, i/s for OCB decreases continuously as log s increases while

i/s for 0C2 is constant over a wide range of s. Also, for 0

12 c3
increases continuously with increasing log s, indicating that the electro-
chemical reduction process manifested in peak OC3 is coup]ed‘with a time-~
dependent physical or chemical process, whereas the OC2 process corresponds
to a simple surface reaction.

6) The effects of aging of the oxide film under various condi-
tions indiéates the importance of a physical or chemical process ime the
overall stabilization of the film. Under certain conditions, the oxide
can be aged in such a way that growth of oxide, subsequently reduced in
peak OCZ’ may be inereased apparently at the expense of oxide ordinarily
reduced in péak 0C3 (see Figs. 7-7 and 7-8).

These main experimental conc]usion;\ére important in providing
an insight into the overall mechanism of/an91ayer oxide depdsitfon and

reduction at Au.

2. {Chemical Species Formed as Oxide

As we have seen in Chapter 4, p.130), the earliest staqges of

growth of oxide at constant potential are apparently governed by an
S -
electrochemical rate-controlling step. The interpretation of the electro-

. den{1-0)

chemical b parameters obtained from plots of Tog A (A It



vs potential, Figure 4-15, must be based on examination of an overall
mechanism of oxide growth. We shall attempf first to establish the nature

of the chemical species formed in oxide deposition and reduction before

the overall mechanisms of these reactions are treated.

i) Role of Ion Coverage Terms in Rate Equation Expressions

[t is difficult to find a way of properly expre%sinq a term in
the surface concentration of ions, Op-s which could be usgd as a
stoichiometric measure of their important effects in an overall rate
equation for the formation of surface oxide. The following considerations
are, however, helpful: .

1) At potentials just!below the onset of oxide deposition where

By 0, OA- is probably near to unity, pék%ﬂﬁ/afcount of anion size and
hydration. However, it is physically possible to adsorb more ions onto
the electrode surface. This was demonstrated by the experiments in which
thé énd potential of a cathodic sweep is increased to values beyond the
point of zero charge (Figs. 3-11 to 3-15). In results @f experiments
not shown, the depositidn of véry low coverages of oxide may be completely
blocked by appropriate increases of the cathodic end potential. While
the "physical” or geometricq] fractional coverage, O, of the ions themselves
is considerably less than unity, the blocking action of these ions indicates
that the electrostatic range of influence of these icns corresponds to
"total" coverage of the electrode (Fig. 3-2). Thus at all ion coverages:

2) O~ is not stoichiometric in its effect, that is, the

effective GA* is not a strict measure of the number of ions present per

cm2 on the electrode surface, but is rather a measure of their electro-
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static effect - i.e. their co-circle of influence is much larger than
their cross-sectiomal area.

3) There probably exists a complex function by which Op-
changes as the other surface concentrations, and the potential, increase
in a potential-sweep experiment. Each surface species, e.q. MOH or MO,
would be expected to exhibit a different interaction with the adsorbed
ions present at the surface. Thus, there are several unknowns in the
overall relation between GA- and potential, and other O quantities.

We may therefore consider that the mechanisms below will:
generate the same types of ‘rate equations, regardiess of whether or not
ions are represented, through their coverages, in separate terms in these

expressions. When adsorbed ions are present,\their effect is more

"
-

usefully expressed in terms of a change of thelreversible potential £
for a given stage of 0 deposition and/or the g-factor (see p. 56) for the

given reaction.

ii) Mechanisms and Lquations for Oxide Honolayer Deposition

First it is necessary to deveTob the arqument and present the -
evidence that the principal species directly deposited in the Oxide-
monolayer are O rather than 0H, as this determines how coveraqge measure-
ments are related to evaluation of charge passed as a function of potential
and how the current peaks observed in the i gé_v_profiles are to be
interpretted. Also, since mast of the results to be considered refer
to mono1ayer or submonolayer quantities of 0 (Q < 400 uC cm_z), we shall
not be concerned with stoichiometric bulk-type species such as "AuD",
"Au0OH" or “Au203" such as have.been considered in earlier work (e.q.

refs. 14-16,110,111) where more extensive oxidation of Au surfaces was

Ll
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involved.

If lateral interaction effects between species in an electro-
deposited monolayer are significant, they must usually be introduced into
the rate equation for the e]ectrodeposition_process through the usual
o exp [+ g9] terms. However, the g0 terms do not enter into the determina-

tion of 11m1t1ng values of the Tafel s10pe]30

¢

We consider first the reaction sequence where 0 species on Au,
represented by "Au0", are formed from initially e]ectrodepos1ted OH
species on Au, represented by "AuOH"; these species are not, cof course,

stoichiometric compounds AuOH or Au0. Thus,

1Y Au + HZO >'AuOH FH 4 e Discharge
Y. -0 G @OH .t
2) MOH —— AU + H + o Oxidation of chemi-
”OH QO EH+ sorbed species
3) Au0 > 0Au Reconstruction of
OO ﬂOAu monolayer oxide film
where OT is total surface coverage by all adsorbed species, OOH and 00

are coverages due to OH and 0 species, respectively, and OOAu is coverage

of place-exchanged oxide. Rate constants for the three steps are k], kZ’

and k3 for the forward direction of the reactions.

-

llhen step 1) is the rate-controlling step, the reaction current

density is given by i
j = 2Fk]CH 0 {1- T) exp [RVF/RT] (8-1)

If it can be assumed that OT is very small in the earliest

stages of oxide deposition, i.e. when 1-0. = 1, then

T
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is= 2Fk]tH20 exp [8VF/RT] , (8-2)
and, with B = 0.5*% at 298 K 33
———fﬂL—; = 0.12 V/decade i . (8-3)" .3
d leg 1 .
Tafel slopes having this va]Ue‘are not observed experimentally {e.q.
Fig. 4-15 and Table 4-1).
When step 2) is rate-coﬁtro11ing, step 1) may be assumed in
quasi-equilibrium, which allows the introduction of an expression for
OOH as f (potential). Assuming the Lanamuir isotherm applies, f.e.
interaction effects are.neg1ected, the reaction current density is
i= 2Fk2K1(1-0T)[CHZO/CH+] exp [(1 + RWF/RT] (8-4)
When 1t 1s assumed that OT = 0,‘eqn. (8-4) qives, for & =
0.5 at 298 K:
NG ‘ a=ﬁ§%77= C.040 V/decade i (8-5)
\\ This value for the Tafel slope is also not observed experi-
3 mentally.
! For another—simplifying situation, when O is essentially
Q\ only OOH’ and OOH is close to'unity and constant while 00 is assumed
\\tg be quite small, the current density is given by
'\\\ i = 2Fk, exp [BVF/RT] _ (8-6) ‘
a—-]—ggﬁ = 0.12 V/decade i (8-7)
© This situation only arises when OH species cover virtually ‘ iE
the ent4ie surface before 0 species are formed, a sequence of events
/'—"‘“v’“_—""/ ;
e

* This is usually taken to be true for virtually all charge-transfer
reactions and is based on Brgnsted's principle applied to effects of
changes of electrode potential on electrochemical free energy of activation.
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and a resulting Tafel slope which is also not supported by the experimental

results.

"When more than one surface species is present on the electrode

in significant quantities at the same time, it is not possible to make

simplifying assumptions to establish Tafel slopes for realistic limiting
cases since the term (I-OT) contains more than cne unknown (i.e. Ogp?
% %au’-
When step 3) is rate-controiling, the preceding steps may be
treated as being in quasi-equilibrium, as before, and the value of o
may be found from the isotherﬁ. Assuming Langmuir conditons, the expression
for @0 15
S =y ) 2 o
2 kTK2(1 CT)[CHzo/CH+ 1 exp [2VF/RT] (8-8)
and the corresponding reaction current densitv is
i = ZFk3OO {3-9)
A number of 1imiting cases then follow as:

i) when OT is low, i.e. OOH’ 0q and Opay 2re -]

s 2 -

3= 2Fk3K1K2[CH20/CH+ ] exp [2VF/RT] (8-10)
so that dv o

Toq 7 0.030 V/decade ‘ {8-11}

Although Tafel slopes of ca 30 mV are seen for the s-dependence
of VP for OAE’ 1t is difficult to imagine place-exchange (step 3) control

at such low coverages.

ii) for low OOH with high OO’ i.e. where 0 —>» 1,

i = 2Fk, or 2Fk, (1-D (8-12)

3 3 OAu)

which is potential independent. This relation for i is not observed.

. i 2 b
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iii) the experimentally observed Tafel slope of 60 mV is
obtained however if conditions of low OO but with hi&h GOH are éssumed,

i.e. when 0, — 1 and is constant so that

T = 2FkalK,/C#] exp [VF/RT] | | (8-13)
then dv  _ _ ’
TTog 7~ 0.060 V/decade {8-14)

This agrees with the experimentally determined Tafel slope
of 60 mV, but the initial assumption of OOH —> 1 is hardly justifiable,
.g. at low degrees of oxidation of the surface of Au. Also, a peak for
OH monolayer formation is not resolved.

If oxidation of the species AuOH to Aud (reacfion equations 1
and 2) viere rate-controlling, it should be possible to distinqu%sh a
separate current peag corresponding to the prior (fast) reaction 1):

Au & H,0 TO5 puOH « W 4 o”
at a sufficiently high sweep rate. A wide range of sweep rates was used
(0.0005 Vv s_] - 1000 v s_]) but such a current peak (or a sweep rate
dependent separation of the component peaks in the oxide qeposition
i vs V profile) was never observed. The same argument would hald for any
second step of a sequence being the r.d.s., e.9. reaction 5) in the
following 2-step sequence 4), 5):

1) AU+ B0 ——> Au0 + 2" + 20°

5) AuD + Hy0 ——> AuOOH + H' + ¢~

Thus it would be expected that a distinct current peak would
be observed for reaction 4) at very high sweep rates; this is not observed.

[t is concluded that the OA] process is not associated with

4

step 1) producing O species on Au. If such a process were rate-controlling,
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a.Tafel slope of 0.12 V/decade would be expected, at. least for low OT
in the early stages of deposition. Instead, the experlments at various

sweep rates reveal Tafel slopes ( b]e 6-1, p. 182) of the order of 20-30

mV only for the earliest stage of ox1de depgsition. In addition, a Tafel
‘slope of the order of 60 my Qasiabta1ned for the oxide growth kingtics
reported in Chapter 4.

In summary then, the absence of a resolvable current peak -
attributable to initial formation of OH species and the failure of the
behavior observed at high sweep rates to ., support the ex1stence of such
species, seems to indicate strongly that 0 rather than OH’spec1es are
the initiaily formed entities in surface oxide depositinn;ég Au.

Moreover, the type of ana]ysis just described in §e&tions (1)
to ({iii) above for the mechanism producing NAu 1n 3 steps (p. 226) has
been applied in the present work (see Append1x I) to a large number of .
mechanisms which produce final states of adsorbed 0 species rghresented
by AuQ, or AuCOH in a var1ety of rate contro]11ng steps and sequences ‘
of electrochemical and chemical steps. A summary of the results of thje
analysis for oxide depoe1t1on in acid solutions is given in Appendix I..
This analysis does not, however, reveal a realistic mechanism for oxide
-eeposition which predicts (even in 1imiting cases) the 60 mV Tafel slopes
observeg experimentally, besides the direct formation of an 0 species on
Au. .

This %nterpretation may not exclude the transient formationlof
AuOH species. However, these species must be converted to Ay0 species in
a fast step 2) rea€tion, So—she overall deposition of 0 species behaves

kinetically as a 2-e process. An analoaqous case is the observed 2-p
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.reaotion-fof deposition of zinc on In or into Hg. It is to be concluded
that there is no experimental evidence supporting OH species in oxide
deposition or reduction.

The differences in Tafel slopes for the anodic deposition of 0
spec;;s derived from either sweep rate or slow growth experiments
described in Chapters 4, 5 and 6 (viz. oxide growth and sweep rate
studies on oxide formation and reduction), are interesting and provide
insight not only into the oxide growth processes but also the significance o
of the experimental techniques themselves. Thus, we have mentioned
earlier (p.218) that the method by which oxide is grown in the oxide -
film growth-kinetics measurements of Chapter 4 can be expected to produce
“results inherently different from those obtained by the potential -sweep
method. The growth of oxide in a potential-step type of experiment takes
place at constant potential and is measured as a function of time only.

As potential is increased in a sweep, deposition of additional
oxide is made possible thermédynamica]]y and kinetically during the sweep:
in contrast to the situation at constant pétentia]. Thus, during a sweep,
thereffg: of course, an implicit growth time At (=AV/s) associated with
sweeping through a range, AV, of oxiﬁe deposition potentials at a sweep
rate, s, once oxide species commence being deposited.

The potential-step experiaéquigpéoxide growth at constant
potential (program ¥ on p. 49) are conducted using a sweep rate which is
sufficiently high that irreversible charge transfer behavior is encountered
so that the oxide growth-k%netics measured are necessarily under electro-
chemical control. The sWeep rate studies described in Chapter 6, on

: ¥ o
~ the other hand, do not re(%al reversible current peaks, except in the

!
earliest stages of deposition (cf. Figures 3-5a and 4-1) in the OA1/QC]
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region but not at low sweep rates. In fact, a dependence of Vp on

log s of 20 ~ 30 my for OAZ is actually observed over several decades of
sweep rate; thus, Feversib]e behavior is not encountered even at thg-

- Towesf sweep rates employed (e.q. 0.0005 V‘s‘] in Fiqure 3-1). This
behaVpd, must be attributed to the strong blocking and interaction effects
of anions: especially in the ear1§4staqes of deposition.

With respect to the reaction mechanism 1), 2), 3), we have
nex? to consider the conséquences of step 3) of thié'sequence being rate-
cpnf}oTling. The appropriate limiting case here is for lgw GT‘
for which a Tafel slope of 30 mV (decade)'] is predicted [eqn. (8-11)]
or for high QT; b —> d for place-exchange control. The experimental
.results for low O; .indicate that 2.3 b = 60 mV, so that step 3) cannot be
the rate-céhtro]]ing process under either of the above conditions.

The analyses of the consecutive reaction séquences qivenfabove,
involving 1-electron transfer steps show that eiéher Tafel slopes equal
to the observed value of 60 mV/deqade are not oredicted or, if they are,
the result is based on an unrealistic Timiting condition. It thersfore
appears that initial. oxide depos?tién 1& the 5ubmon61ayer is best
represented by an effective 2-e discharge of water te form Au0 species
difect]y_ir@e reaction |

| 4) Au + H,0 > Au0 + 2t s e’
-8 G0 % Oy
At Tow % in this reaction, the current-density is obviously qiven by
i = 2qucH20 exp T2RVF/RT] § . (8-15)

which gives the experimentally observed Tafel slope of 0.060 V/decade

a5
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taking 8 = 0.5 as usual and T = 298 K.

3. Place-Exchange Steps Following Reaction 4)

For a full representation of the mechanism of oxide growth

and aging effects at Au, it is necessary to reconsider the place-

exchange step 3) [p.2251xgﬂjs chapter} viz. ///(F‘\\\\ |
- > ) / v .

3) Au@ —— OAu \
% Cony \/
which must follow step 4) in the course -of the overall reaction.
If step 3) were rate-controlling, the aSSumption.of quasi-
equilibrium in step 4) allows the isotherm

_ 2
90 = K4 (1-OT)[CH20/CH+ ] exp [2VF/RT] (8-16)

to be written for coverage by 0 species. Then, in the usual way, the

current density is

. 2 : Q.
is= 2Fk3K4(1—GT)[CH20/CH+ 1 exp [2VF/3T] (8-17)

Limiting cases follow then as: )

a) O0 — 1

L, _ 16
i LFk3 or 2Fk3(1 OOAu) (8-18)

which gives a potential-independent current

~ £
b) If OO S OT,Awe find for low O

T
. 2 N
7= 2Fk3K4[CH20/CH+ ] exp [2VF/RT] 3 (8-19)
so that dv.  _ )
m’“_‘r = 0.030 V/decade i .(8 20)

While it was stated that the latter Tafel slope is n&f'ﬁbserved
experimentally in the initial stages of oxidation of Au the range of 2.3

b values predicted under conditions for which the place-exchange step 3)

S

o e Lt
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is rate-controlling is 0 to 30 mv decade—], corresponding to eqns. ?
(8-18) for high 9 or (8-20) for low Oy respectively. f
It is expected that place-exchange will not predominate as the ?
-rate-contr01]1ng'step in oxide deposition until the later stages of f
monolayer formation have been reached. Under the ]attef conditions, j
when place-exchange is the rate-controlling process, the ;bove equations
for this cage show that potential would exert a relatively small influence
(e.g. 0 ~ 30 mV/decade in the ana]ysif just presented) on the rate of

reaction. .

4. Mechanisms for Reduction of Oxide

Several mechanisms for oxide reduction were conéidecgd in
Chapter 5, but the analysis can be shortened considerably if it has
been determined that 0 rather than OH species are produced in the
primary oxide depagition step. Evidence for such ; step was given in
section 2 of this chapter,

Here we shall consider the reduction of Au0 species back to
“bare; Au metal sites from an initial state constituted of varying quantities
of place-exchanged materia1-(”OAu“), depending on the total oxide coverage
and other factors such as éqing and ambient temperature.

Two points must be stressed in relation to the mecﬁga;:;>of
reduction. Firstly, there is experimental evidence supporting the existence
of some non-place-exchanged material in oxide monolayers in the demonstrated
aging effect in which the peak potential for oxide reduction shifts to
less positive values ét cohstanf oxide Coverage after some period of aging.
This effect is interpreted as a continuing place-exchange and ordering
of the surface dipale array of 0 species with time to form a more stable,

two-dimensional network of oxide. Moreover, it is reasonable to consider

.
| 3 ER-a



that non—place-ekchanged entities adjacent to an OAu species constitute
part of the place-exchanged hetwork, and’expé}ience the same stabilization
as the actual place-exchanged 0 species within the netwerk. Thus, a 2-
dimensional "block" of oxide, of urdetermined size, is incrementally

stabilized by each place-exchange event.

Secondly, the work described in Chapter 5 has demonstrated ¢

that reduction of oxide occurs under electrochemical control with a

measured Tafel slope of 60 mv (decade)']. This gonc]usion means that the
hysteresis or irreversibility observed in an i vs V profile between
depqsition of oxide and the subsequent redﬁction of that oxide cannot
be attributed to a physical process such as the reverse act of place-
exchange. It is simply due to irreversibility of an electrochemical
process. Hence, reverse-place exchange, which is expecfed to occur
before reduction of any "turned-over" oxide can take place, must be a
relatively fast process. In the present work, this was an unexpected
result (cf p.164}.

The reduction of oxide in acid solution must therefore involve

the reaction

-

AUO + 2H' + 2e - ——> Ay + H,0 (8-21)

as a rate-controlling step, so that the current density is given by

i = 2Fk 0,(C,+)° exp [-28VF/RT] (8-22)

For large OO and for g = 1/2, this gives for the Tafel slope
dy  _ -1

TTog 7~ 0.060 V{decade) (8-23)

In alkaline solution, a similar expression for the potential -

dependence of rate is obtained because of the postulated 2-electron

i}
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transfer of‘charge. The actual reaction in that case is, of course, ) {h

AuQ + R0 + 2 —— Au + 20H™ (8-24)

9. Origin and Significance of Current Peaks in the i vs V Profiles

The question of which species and reactions can be associated
with the various current peak; for oxide deposition and reduction is a
central issue in the overall understanding of these processes.

In the éourse of an anodic sweep, a certain critical potential
must be attained before currents for oxide deposition are observed.
This potential depends on the type of solution involved and reflects,
in particular, the varying strengths of adsorption of anions (competitive
adsorption or bTockiné';¥fect) from the e]ectro]j%e.

The first peak observed for oxide deposition and reduction
is for the re{er?ib1e surface reactions, OA]/OC}' It is seen in.dQT?;:;;:
sglutions, e.gffﬁQTO4 or stoq, at quite different potentials, even though
the nature of the peak and the reaction processes are apparently the
same. Therefore, depending on the anion environment of the electrodeposited
species, the potentiai for the initial surface process, OA]/OC1’ on Au
can varQ appre;iab]y. These facts strongly suggest that the deposition

of the first 0 species is a random and(égversib1e process but that the
<

presence of co-adsorbed ions modifies the reversible potential for this ///”‘\\

surface process on account of interaction effects due to these ions. -

-
¢

Thus, anions apparently cover the electrode substantially, as indicated
by the b1ocking,gfjgct, and the first oxide species are deposited, as

0 on Au (desiqﬁated "Au0"), in their midst, probably without requiring
ejection of the ions, as illustrated in Fiqure 8-l1a.

The observed reversibility of the initial deposition/reduction

mm e i faE
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presence of anions - after reconstruction and reduction
o . of most of the oxide film

4
Figure 8-1 Model ﬁ} anion interaction effects and promotion of place-
exchange in initial stages of metal oxidation and fina] stage

of oxide reduction
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indicates that the process is a random one on the surface, not involving .
the slow place-exchange step; also the observed reversible potential, E°,
for the reaction must refer to the deposition and reduction of oxide

species in the presence of anions on the surface. This E° is thus not

the true (unknown) reversible potential for the initial surface process
but depends on the anions present. fhis situation is analogous to the
usual effect of ionic strength on the emf of a cell, due to ionic
interaction effects. With desorpt{on of ions, the E° will shift to
less positive values, A crudé reprasentation of the situation is
illustrated in ?igure_8-1a but the ions shown need not.be as close to

depgsited 0 species as depicted. fhis model is strongly supported by

e

the experimental results. The OAT/OC1 process loses its reversible ’////
character with time due to the place-exchange reaction, and with increasin,fﬁ
oxide coverage as more 0 species become deposited sufficiently "close" to

each other, giving rise to lateral interaction effects which will nromote
p]aée—exchange.

The key to understanding the nature of all the current peaks
7

—~—

that are resolved Ties in the answer to the following questions:
What oxide sbecies '

i) occupies ¢a 0.1 monolayer or less and, in fact, saturates ¥
at approximately this value?

i1) must be present initially in a randomly deposited state,
i.e. not in agglomerates? And -

i1} is surrounded by ions? .

P
An obvious and, it is believed, correct answer to this question

is the species corresponding to the OC1 state. On reflection,- however,

it is apparent that the'Oc2 state must also fit this description. Oxide
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reduced in this state is the last oxide to remain .on the surface in a
cathodic sweep and is present in quantities of the order of 0.1 monolayer )
(e.g. see Fig. 5-1) depending on the electrolyte. As/;ﬁe experimental
results indicate (as described especially in Chapters 6 and 7, pages 194 and
212), this species must be randomly distributed over the electrode
surface. In addition, it is Tikely that anions will quickly re-adsorb
during oxide film reduction as bare metal sites become generated. If,
then, exactly the same description applies to the % and 0C2 states,
what can be so different about these specieé that a further -400 mV or
more of potential is required.to reduce OCZ than 061 species {in 1.0 M
HC10,)? 7

Consiaeration of Figure 8-la suggests that only one critical

factor could be different, that is that the dipole of "Au0" cculd be

inverted due to a place-exchanged Situation (Figure 8-1b} so that an

anion-stabilized arrangement of sur;%ce dipoles develops as illustrated
in Figure 8-1b. There are two addfiioﬁﬁ] compelling reasons for this }
interpretation: o \F7

a) An oxide film about to be réduced in a cathodic sweep must
present a variety of sites fbr possible reduction, with varying energies
or potentials required to effect reaction. Some 0 species will be
place-exchanged with the oxide end of ‘the "dipole" down (OAu)} into the
mZtal. It would be expected that these species are more difficult to
reduce. Adjacent to the latter species, an oxide O atom will be projecting
out towards the sclution and would be expected to be somewhat more

available for reduction. However, this species also experiences consider-

able stabilization as an element of a place-exchanged network. Also present

.7
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on the surface, there must be a great number of species not so{closely

Tce
sites away, where the 0 end of the AuQ surface dipole will be projecting
towards the solution.

It seems.probable that reduction muét pfoceed under electro-
chemical control initially at sites of this nature, corresponding to
peak 0C3’ and must ultimately progress via "fast" reverse place-exchange
in such a manner that the last remaining species on the electrode surface
during reduction would be expected to be of the ion-stabilized, place-
exchanged typé (bAu, abbreviated henceforth as +), as represented in

Figure 8-1b.

b) The other fundamental consideration involves the earlier

experimental evidence (Chapter 3, p.61) which indicates the important
{
rcle of ions not only in blocking the onset of oxide deposition but in a

general way in establishing the energies of the initially formed oxide
(up to" coverages of 0.3 - 0.4 monolayer). It seems reasonable to assume
that jons must have a similar importance as thiey re-adsorb on the electrode
during reduction. This is confirmed by the varying saturation values
encountered for state OC2 in different electrolytes (see Figs. 3-3 and
324, and Table 3-1).

A general representation of the relative potentials for these
current peaké and O species is shown below.

. anodic 0
- . Al

. ' _,ﬁ ! - potential (+ve)

Oc2 Oc3 Ot

A" {0Au) (0Au) AuO(A™)
+

(AuQ)

-—
cathodic
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i) Role of a Physical Process in Oxide Reduction

——

In Chapter 3, the general features of the processes of oxide
'g%o&th and reduction were described. In particular, the sequences of
development of current peaks in i vs ¥V profiles as a function of potentiﬁ],
time and oxide coverage were explored. It was found that, in acid solu- ‘g

1

tions, the first deposited species is OA], which is reduced as OCI'
Subsequent deposition of oxide occurs with the appearance {firstly) of

an 0c2 state in reduction followad shortly by the appearance of 0 Up

€3-
to coverages of ca 0.3, after saturation of the Oc, state, the profiles
reveal that more oxide is actually reduced in the OC2 state than in 0C3
(see Figs. 3-3, 3-4, 3-5, 4-1 and 4-3). The latter state becomes; however,
the main peak (state) through which higher coverages of oxide are reduced.
In the Tight of the results mentioned in the previous paragraph and in the
previous section, it is now possible to reach a better understanding of the
experimental results obtained and the nature of the physical step which
must be occurring during reduction: We know already that this step must
be re]aé%ve]y fast, as argued in Chapter 5, p\J59. |

' The ion/oxide-dipoTe/ion confiqurat::> shown in Figure 8-1a is
inherently unstable. With time, it would be expected that a more stable
configuration would result either from the place-exchange act; producing
the stabilized dipole-ion configuration, or from the slow expulsion of
ions from sites adjacent to O on an Au site. This tatter event is probably
related to the displacement of the peak potential, Vp, for 0C1 to less
positive potentials after saturation of that state. The presence of 0C2
‘must mean that substantial quantities of place-exchanged material, stabilized
by the presence of anions, may be found on the surface, even at low

coverages of oxide (< 0.3), and this must be attributed to the ability of

anions to promote this place-exchanaed state on the grounds of favorable
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QAu dipole-ion stabilization. This provides an additional explanation
for the loss of reversibility of the UA1 process with time or with
increasing oxide coverage and, 1in general, for the dramatic difference

between\the i vs V profiles for deposition and reduction of larger

-

v : =
quantities (@ > 0.2) of oxide. These profiles are so different because |

the constituent processes are very different; because of the role of the
éoup1ed physical processes of place-exchange, they are not simply the
reverse of one another.

OC3 represents reduction of oxide-from domains of two-dimensional
surface lattice {n the absence of jons.

Ion assisted place-exchange can occur only in the ear]y stgqes_
of oxide deposition on account of the area requirements for adsorption of

anions. Ix\igdgyident from the results described earlier (see Chapter

-
4, p.112) that, beyond ca 0.3 monolayer, ions play little or no role in \
the mechanism of oxide gkowth at constant potential. It appears that up -

to such a coverage as ca 0.3, deposition of 0 species takes place either
as an essentially random process or in an open reqular overiay structure,
and co-adsorbed ioés may be present up to that limit. Few or no Aons
can remain on the electrode surface beyond this coverage 1imit ¢1f the 0
species retain a spaced out overlay or random structure, due to BMe anions
co-area requirement,

It appears that most of the oxide is reduced in just one state,
namely 003. This is evidence (together Qith the experimental result that

reduction takes place under electrochemical control; see Chapter 5, p.159)

that the act of reverse place-exchange (reverse of step 3, p.231) is
fast with respect to the electrochemical reduction reaction. Moreover,

co-operative movements of a series of AuO entities may be possible in

[ r
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response to reduction of an AuD species within an oxide network {a .,

Q:::::j}e of "flip-flop" process which would be represented as +++; LF—fr-¢+++
in an element of the ox%de lattice). The reason that one predominant
peak for reduction of oxide from 0 > O.S/is observed is that the reaction
of reverse place-exchange is fast ?ﬁaﬁﬁontinues to regenerate AuQ with
the 0 ends of the dipoles directed\towards the solution (even sections
such as +t++ can become +++)./,~\

‘Reduction is obsérvedfto occur through essentially one state

(0C3) until _ions begin to re-adsorb on the electrode. When an ion

adsorbs in proximity to a place-exchanged Au0 dipole, it essentially
freezes that Au0 in the place-exchanged state. Its action wouTd thus
be to slow down the rate of the reverse place-exchange by several orders

. of magnitude because of the stability of the adsorbed ion-dipole pair.
In addition, it produces a fixed quantity of such pairs, depending on the
area requirements of 0 + adsorbed anion, leading to saturation values of
0C2 which are anion-dependent, as observed.

It is not clear whether the actual reduction of oxide in peak

0C3 takes place random1&‘or whefﬁer a type of nué]eation of holes }s
operative. Both mechanisms may be operative. If a random reduction occurs,
it would be expected (considerinq that most anions adsorbed occupy at
least three lattice sites) that anions could not-re-adsorb until most of
an oxide monolayer had been reduced. In fact, bigger anions would require
more space and would result in lower values for the saturation level of
OC2 since, on the average, more reduction of oxide through 0C3 would be
required before anion re-adsorption could occur. Such a trend in satura-
tion values is supported by the experimental results (e.g. see Figs. 3-3,

3-4) and especially the results for borate solutions (Fig. 3-4c).

I

%
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Alternatively, if a mechanism of nucleation of hole [is consi&ered.
it must be envisaged that, after a hole has been creaEed ugh reduction -
of one Aul entity, a surrounding ring of oXide would be quitkly reduced,
However, as soon as the hole @re&ted in. this manner becomes large enodgh.
(a few 0 diameters) an anion could quickly adsorﬁf’:;;;;ze" some adjacent
place-exchanged material and halt the chain of reduction events. Inltth
way, the nucleation mechanism would not be detectable bv the usual expefi-
mental criteria discussed eariier'(p.189, Chapter 6). However, a satura-
tion value for OC2 inversely related to anion size is predicted for this
mechanism as well. | . 7

There are other determinants of the satﬁ;‘ation values fér‘
OC2 (see Table 3-1, pP.90): The ra&e of ign adsorbtion must. be moderately
fast "in relation to the rates of tﬁe.reduction reactions. The rate of
anion re-adsorption may differ somewhat for various types of jons. The
strength of adsorption to the metal should determine thé surface concentra-
tion of anions in conjunction with other factors such as the deqree of
hydration of the ion and the surface dinole moment. The known strenqth
of adsorption of ions (pages 22 and 81)15 inversely related to the satura-
tion values for OC2 coverages. The energy of stabi]izati5;~5§<ite oxide
surface dipole by the ion should be reflected, it=;s probosed, by thé
difference of potential between the OC] and OC2 peaks for the various
electrolytes. ’
On the above model, a much higher saturation level for 0C2 is
expected in alkaline than in acid solutions. The ion OH™ is much smaller
than the anions available in strong acid solutions and could occupy only

one Tattice site per Son, .It would thus be expected to Be able to re-

adsorb already at higher remaining coverages of oxide in the reduction

e e — T
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prqcesﬁ. Furthermore, the OH™ jon is actually generateﬁ in the double-

1ayef as a product of the redﬁction of oxide in alkaline solutions (eqn.

' 8-25) and thus does nét have to diffuse to the electrode prior to adsorption.
| The experimental results are consistent with these proposals:

much higher satdration 1eve}s’for OCZ are actually found experimentally

for alkaline solutions, thus supporting the ﬂature of this proposed effect,

In0.2 M B_a(OH)2 solution, two contrasting types of oxide ‘
growth were encountered. When carbonate concentration has been deoresseq
to sufficiently 10@ values, a mechanism of oxide growth is observed by
which a monolayer of oxide is formed at ca 1.5V and is reduced primarily
through what appears to be the Oc2 state. When traces of carbonate are
present, however, a monolayer of oxide is formed at l.f V and the familiar
pattern-of reduction of oxide, primarily through 0C3‘ with saturation éf the
0C2 state, at higher levels is observed. This result is attributed, in part,
to the fact that Eérbonate ion is more strongly adsorbed than hydroxyl ion,
and is also a larger ion so that, when carbonate is present even in trace
quantities, it is this whichﬁfsﬁprmines the mode of growth and reduction.

One interpretation of the increased sfabi]ity of a monglayer of
oxide (as determined by the potential for formation of the monolayer in an
anodic potential sweep) formed in the absence of carbonate ion is that
OH™ has been able to adsorb on the electrode surface and promﬁte P1ac;;
exchange up to hiﬁher coverages before oxide qrowth forces the ejection
of the ion. This does not adequately explain the high values obtained.
for OC2 coverage (higher than 0.5) and the failure of the state to saturate.
It may be that a type of cation-stabilized oxide has been formed under
these conditions due to the presence of the high charge-density Ba++ ion.

A striking feature of the behavior of Au in alkaline solution

" in general, and in 0.2 M Ba(OH)2 in particular, is the appearance, over a

S
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broad'potential range (0.5 - 1.2V), of a reversible i vs V profile
(Figure 3-5) up to the potential ca 1.2V at which the main surface .
oxidation dpparently commencés. fhe totat ‘charge associated with this
\\\\Eegion (between‘O.S and 1.2V) after a normal double-layer charge has been
tlowed for, is ca 35% of that‘pf an OH monolayer, or 17% of the charge
associated with formation of a monolayer of 0 species. - This result ﬁay
be related to another expe;imental observation, nameTy‘that the charge
associated with reversible deposition/reduction of oxide (QA1/0C]) is
much lower in alkaline (especially 0.2 M Ba(OH)2 than in acid so]u;}on.
In alkaline quutjon, the OH™ ion would not be expected to.b1ock oxide
dépoéition since it is the reactant. However, other anions more strongly .
adsorbéd than OH™ {Fig. 3-8) will always be present in varyipng quantities
) sufficienf to account for the OAI/OC] behévior. The lower quantity of |
0A1/0C1 observed in alkaline so]utioz must reflect the diminished importance
of these ions in blocking oxide deposition becaute df the direct discharge
of OH™ ion to form oxide. In additién, the blocking effeﬁtsLof any
non-dischargeable anions have been diminished since in a]ka]fﬁe solutions
the potential of the p.z.c. is now expected to be in the range of potentials
(>1.2V) wﬁére oxide deposition~commences, thus qreat]} diminishing the
concentration of anions in the double-Tayer. upder these conditions, the
depdsition of oxygen species'may now occur at, and be spread out over,
much Tower potentials (between 0.5 V and 1.2 V) rathg;\than be blocked by
local electrostatic and interaction effects i?gfiézé}her anions until a
potential of 1.2 V or higher is attained, as\in acid solutions, where the
p.z.c. is ca 0.47- 0.6 V, E..D | | \"

~

6. Additional Evidence Supporting Ion—Assisfed P1ace-Exchénge

i) Sweep Rate Studies
~r

- | ¥
Many experimental results have been introduced into the
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preceding discussion in an attempt to propose a consistent overall
mechanism of oxide formation and reduction. It will be useful now to
examine brief]y some additional reéu]ts presented in the earlier chapters
in order to<verify and corroborate the interpretations of the experimental
behavior which have been suggested in the preceding sections.

An analysis of experimental data obtained for varying sweep
rates was presented in Chapter 6 and showed that a physical, though not
rate-controlling, step was involved in the reduction of cxide;3 The
decrease in i/s for the Océ peak as the sweep rate in oxide reduction
transients was fncreased, is strikingly evident in.Figure 8-2 for 0.1 M
HC]O4 §o1ution. Simultaneously, the AVT/Z for the 0C3'process increases
dramatically and does so beyond the extent attributab]e132 to sweep rate

(kinetic) effects alone. ,

The time effect involved here does not increase the charge in

-

-
over two decades of

OCZ; thus, the i/s value for this state isScensta
S as seen in‘Figure 8-2. This constant value indicatés_that the coverage
in this state is established reprodqpib]y by'éhg sequence of events in
reduction of oxide, regardless of the sweep rate employed and of the
censiderable changes observed in similar current peak parameters for the
0C3 state in response to changing sweep rate. It would appear that
re-adsorption of anions is fast throughout this range of sweep rates, not

only relative to the rate of reduction but also to the rate of reverse

place-exchange. Under these conditions, no matter how quickly, or siow]y,

the reduction of oxide is carried'out, anions\evidentTy rapidly re-adsorb

' on the electrode surface adjacent to remaining place-exchanged oxide

species and "freeze" those shecies until they are reduced in the 0C2 state.

Similarly, the manner in which the 0C3 peaks spreads out

R T Y VU
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(viz. increases AV]/Z with increasing s) over a wider potentié] range than

1 .

is due solely to sweep rate (kinetic) effects in the charge transfer
\1\ -step as sweep rate is increased indicates that the rate of reverse place-

s

exchange is exerting considerable influence on the shape of the i vs V
/——-\Ij

8]

ile. At these higher sweep rates, the reduction of an oxide species -

rs over a wider potential rand- than at lower s because the electro-

fficien rapidly by the reverse
--r1ment refepred to in F1qure 8.2, 0

species were deposited at a\con;'

active material is not'SuppIi-

p]age—éxchange step. In‘tﬁe/é
ant anodlé/sweep rate in order to study
the effect of sweep rate at conskght charae in subsequent cathodic sweeps.
An increase in total oxide is stil1 observed at the lower sweep rates but
this is attributable to the time spent at ;xi&izing potentiiij/jnxthe
cathodic sweep before reduction of oxide commences. |
The potential observed for reduction of oxide as 0C2 implicitly
includes an additional patential which must be applied in order to
overcome the extra éfabi]ity of the ion-dipoie pair (see p.237) (i.e.
0C2 in relation to OC])' In HC]O4 solution, this potentia] is ca 0.40V
,wh1Ea, for a two-electron reaction, corresponds to ca 80 kJ mol ™!
ii) Aging Effects
Under appropriate conditions of aging of the oxide, it is possible
to increase the quantity cf oxide reduced as OC2 apparently at the expen:z§>
of oxide normally réduced as Oc5- In these expéeriments, it was observed
- . that a critfca1 potential existed for part1P1 reduction of oxide before
such an effectﬂwas observed. This potential must be associated with the
state of th oxide at which re-adSorption of ions commences. The latter

effect would e expected to aid p]ace—exchaﬁ%e and a re-ordering of oxide

(albeit only to a small degree) in the subsequent sweep.

r
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When several sweeps are performed in succession in an aging
program (see Fig. 2-5f), the quantity of oxide reduced as 0C2 becomes
) significantfy increased at tﬁe“expe;se of that in the 0C3 state. When
the sweep‘rgvgrsal gotentiaffﬂzg(see_program f, p. 49),‘isfabove this
critical va]ug; fhe'aging of the oxide resd]ts in net growth of oxide
and a consequent increase in chargé or coverage of 0O species.

iii) Temperé;ure Effects ?

The hypothesis of ion-assisted p]acé-eichangelmqy be tested
by performing experiments under conditions, e.g. at elevatdd temperature,
for which the reduction of oxide proceeds to greater extent ugh-OC3,

at the expense oF,OCZ. In the extrem ingle state (OC3) for reduction

is observed. By performing the oxidatioM™and redpction at elevated
temperaturés, we are actual]y able to obserye this effect. Thus, in
Figure 8-3, for)reac;ion at 365 K, it is seen the 0C2 state has

essentia]iy disappéared. These results indicate that at igher temperature,

the rate of reverse b]ac?-exchange has increased relative to that for ié;

re-adsorption. 0{/___L,/’/
Although the reduction of oxide is still n revérsib]e under

: H
these conditions, it is apparent that an oxide monolayer can be reduced

over a narrow range of potentials, with no evidence of the_OC2 state
towards the-end of the monolayer reduction process,

However, a potential sweep taken under exactly thﬂréame conditions
of temperature, potential and electrolyte but employing a sweep rate 2060
times fg§ig£_than that which.gives the béhavior in Figure 8-3, shows that
the temperature—generated increase in the rate of reverse place-exchange'
may be negated by -the higher sweep rate (Fig. 8-4). These conditions

-

make it poss%b1e for the effect of ions "freezing" the place-exchanged

S
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material to'be‘observed; thus, a sizeéble coverage of thelOC2 state is ‘
produced, even at the elevated temperature. In other experiments with
- . different electrolytes or at.lower sweep rates at 273 K, a substantial
increase in the coverage of;zLe 0C2 state is also observed with respeét

to that generated in otherwise identical experiments performed at higher

temperatures.

‘ iv) Applicability of the Mechanism of Oxide Formation and
Reduction to other Noble Metals =

In relation to the explanation of oxide reduction in stages
. A
: OC]’ 0C2 and 0C3 at Au, it should be mentioned that very similar behavior
has recently been found in this laboratory for the case of Pt. An example
in which 0.,, 0., and O.., components are observed in reduction of,an
c1’ “C2 €3 ’
-oxide monolayer at Pt is shown in Figure B-5. Details will he described

194

elsewhere These results show that the sequence of st of oxide

a8 -
reduction at Au - (see Figs. 3-5 and 4-1) are therefore not pecul;ar to
this metal or to some specific crystal faces of the Au wire samples

used in the'present work, bEE?réfbkr that the overall effects appear to
| 4 .

- be general,” ' /

P

//,/‘ Quant1tat1ve1y, the place- exchange process on Au takes place
u/h more rapidly fhan at Pt and this is consistent with the 1ower boiTing
point (c(;ed ear11er) of Au than that of Pt and the ‘lower heat of
vaporizaﬁjon of Au (310 kJ moI']) compared with that for pt3 {510 kJ mo]”])67

7. Mechanishs and Laws for Oxide Growth

It is now fina11y possib1e-to tﬁrn to the overall mechanism
of deposition of oxide at Au and suggest some important steps in the
. process of accumulation of a monolayer of oxide. Here ;eference will be
made t0 the oxide growth curves {0 vs log rh) de;cribed in Chaqter 4,

where it was shown that several distinguishable stages of oxide growth
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(I, II and III) are involved (Fig. 4-12).

Of particular interégt, first of all, ié the observation thaf
Stage iII behavior is not seen at any growth potentia]‘fdr coverages
® < 0.25 (Figs. 4-6 to 4-11, Chapter 4. In fact, the oxide growth curves
(Figs. 4-6 to 4-11) provide a fairly accurate determination (0 = 0.25) of
this "threshold"- level of oxide coverage apparently required before
Stage III Ea& be observed. For the lowest oxide growth potentia]g
employed, the first stage of oxide growth operates up to qui;e“h{gh 1,
(e.g. to almost 5 s in Fiqure 4-7 for 0.1 M HC104). This mean that electro-
chemical control is -maintained until this time, as indicated by the linear
Tog (1-0}) vs t plots (Fig. 4-14), indicating that Eggggi depositon of
oxide species can occur, even over this time period. A saturation level
of the order of 0.1 monolayer or so is observed for thele1ectrochemica11y

controlled stage of oxide deposition. Growth of oxide at low potentials

—

at higher potentials up to oxide coverages of ca 0.6 or so in acid solutions

tan continue for long periods of time before Stage II growth takes over as

the rate-controlling process. Stage II behavior can continue, however,

before Stage II1 behavior predominates. Nevertheless, Stage III can
commence already at'coveraqes as low as 0 = 0.25 for re1at;ve1y lTow
growth potentials.

+ The key to understanding these resultlies in the fact that
each jon cccupies at least three, and perhaps more, metal atom lattice
sites on the exposed electrode surface. It is likely that Stage III o
represents oxide growth under conditions in which anions are na longer
present on the electrode surface or ;t least not present in 5iqnific$nt
quantities. Thus, an.oxide coverage of ca 0 25, espectally when that

oxide has a substant1a] degree. of random character or is a requ]ar

overlay. structure, may be sufficiently high th&t no anions can remain on

N
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the electrode surface. As might be expected, the "threshold" level for
Stage III in 0.2 M Ba{OH)2 is somewhat higher than that observed in acid
solutions: it is ca 0.4. This is consistent wi;hithe much smaller size
of the OH™ fon that of cl0,”, 50,7
relation to saturation levels for Ocp (p.281x\

or C03_2,‘as was mentioned in

If a saturation value does exist Yor Stage I, and there is

strong indicatibn that one does, then Stage II yrowth may proceed with
f‘?\\ﬁ)constént number of "growth centers" available for continued depositfon
and growth of surface ‘oxide. These centers are not nuclei for growth in
the sense of mechanisms inyo]ving nucleation and growth but originate
from some indtial extent of deposition of 0 species in Stage I. They can,
however, act as centers directing where continuing grdwth will tend to
occur. Thus, as an jon is desorbed adjacent to oxide species deposited
in Stage I, several additional sites for O deposition are immediately >
made available, i.e. the physical step of ion desorption is rate-control-
Ting for the further gqrowth of the fi]m.‘ The rate of reaction may bé.
dependent, however, on a pre-existing, almast constant coverage by the
species previously deposited under e1ec§£3chemica1 control or it may depeﬁg
on the rdte at which aniéns are displaced from the electrode surface,
or diffuse on it, making several additional sites available simultaneously
' /f¥€f oxide deposition. £ X
. In the first case, the dependence of reaction rate on 9, would
be the Ea?ne at ﬁry potential because the coveraqé of 0 species electro-
chemically deposited in Stage 1 appears tb attain a constant value before
éome other slower growth process (based on the coverage attained in this
stqge I} takes place. The available coverage of species deposited as
growth centers in Stage I, deckeases with contihuing oxide déposition in - \

the same manner with time af different potentials, so that no direct

G—dependenée is expected in.eqn. (4-6), p. 133;

\
\ -

A i - ca-
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In the second ihfefpretation, it might be expected that the rate-:
of reaction would be proportional to the surface concentration of iofis,
a quantiéy which cannot be accurately determined. Such a concentration
would be related to oxide coverage by an expressiqn-;;zglving a (1-0)
term.” The qlectroqe'is H@%t'thbnght of, however, as offering no "free"
surface sites {n the.conventional sense i.e, 1-0 is zero. It is apparent
that ions are always held strongly to the electrode in acid solution
ﬂexcept at extreme cathodic potentials) and prevent oxide deposition uﬁfTL\v,,/’
an ion desorbs or js ejectea from the eiectrdde surface. The free sites
thus created tend immediately to ba\EE!gred with newly deposited oxide,
maintaining essentially “comb]ete coverage" of the electrode. -

It is important to emphasize that the blocking effects of
adsorbed anions can extend beyond their physical size. Desorption of a
perc@]orate ton, which physically occupies three Au 1atticg sites, may
actually make available, for example, ten Au sites for ?urther oxide
deposition, taking into account local interactions, as mentioned earlier.

These considerations-sUggest that there exists an inherent‘”\\\\/ﬂj
chemical reascn for twg{étages of oxide growth to develop after Stage I.
The deposition of oxide under electrochemical contﬁpl.in Stage I (Figqg.
4-12) of oxide growth {or as is reso1Vfd in the early stages of a potential
sweep) establishes an initial ccverage of oxide randomly dispersed amidst,
or in an overlay. with, anions (0A1 process) on the electrode Syrface.
.Significant quantities of jon-assisted, place-exchanged oxide should result
before ions are.displaced frop the electrode. A certain amount Of,OAi
species, represented in Figure 8-1a, must be present during oxide deposition.
This Au-0 d%po]e will tend to repel adjacent ions, as will additipna],

potential-dependent deposition of c¢xide in the immediate, neighboring area.

.As an ion is displaced from the surface, creating ree sites for depoSition i

' Y

next to existing O species, two distinct states in the oxide monolayer



}”/// This single surrounding ring of oxide would not fill up all the freshly
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are exposed: those which have undergone ion-assisted_inversion, or place-

exchange (+), and those which have not (+).

. For random deuos1t1on the qualitative swtuat1on is sumnar1zed
in Figure 8-6a, which represents a one- -dimensional view of an e]ectrode
surface from which an anion has just beceme désorbed {which, in two
dimensions, coqu-free perhaps 10 or 12 lattice sites for continued |
growth of oxide). The dipole interactions (local repulsive éffects) , - j
would c]ear]y favor continued deposition around the place-exchanged ' f
oxide 1abe11ed A in Figure 8-6a rather than in the vicinity of B, perhaps :
" to form a ring of surrounding oxide as dep1cted in a crude two-dimensional i

&

representation in Figure 8-6b, and a locally stabilized oxide network.

exposed ]attlce s1tes but oxide deposition on the remaining peripheral

free sites (and adjacent to single B sites, t) would be expected to be
. (' -

. Mmuch more difficult. In this way, the-act of®*ion desorption would create

no real (effective} free space on the eTectrerfﬁfrom the point of view of i

kinetic rate formulations. “_' ) ‘

~-

* After this type of oxide growth has exhausted OAu sites f+) of

type A in Figure 8-6b, continued deposition and grohth_may becomé'dependent

/ on n3n—ion-assisped place-exchange, depicted in Fiqure.8-6c. -Aftqf_such‘s'

4 -

an event, continued peripheral growth of oxide would be facilitated,

¢

ﬁv/;g}tﬁmate1y encompassing any single Au0 (+) specigs or sectiong of Tocally
stabilized oxide. Thus, oxide growth in this marner would continue in an

inherently different way F¢;m that immediately following anion desorpt1on

vt LAY s e bmbliat b

since (in part) anions have been removed and can no longer assist in

Ny

3
:

~ promoting p]ace-exchange. Thxs suggests that Stage II represents a\per1od

of oxide growth during which 0 species become depos1fed in the v1c1n1%y of

-,

(ion- a551sted) place-exchanged mater1a1, perhaps at a rate contro]]ed by
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-ION _ DESORPTION

Figuré-8-6 Model“bf'processes\of oxiqg dequition at<Au: (a) ion desorption

cﬁeétes “free space on electrode for continued dépositipn§ (H[ -«
N this depositibn occurs p;efgrentia1ly in vicinity of ion-assisféq
‘plgce-eiEﬁanged ﬁites and (c¢) continued deposition and growth'of

. oxide requires non-ion-assisted place-exchange.

) L4






