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Introduction

This eighth volume continues the series established by the late Heinz Gerischer and
Charles W. Tobias. The favourable reception of the first seven volumes and the
steady increase of interest in electrochemical science and technology provide good
reasons for the continuation of this series with the same high standards. The purpose
of the series is to provide high quality advanced reviews of topics of both funda-
mental and practical importance for the experienced reader.

Richard C. Alkire
Dieter M. Kolb
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Preface

Fleig reviews fundamental aspects of solid state ionics, and illustrates many sim-
ilarities between the field of solid state electrochemistry and liquid electrochemistry.
These include the consideration of mass and charge transport, electrochemical reac-
tions at electrode/solid interfaces, and impedance spectroscopy. Recent advances
in microelectrodes based on solid state ionics are reviewed, along with their applica-
tion to measuring inhomogeneous bulk conductivities, grain boundary properties,
and electrode kinetics of reactions on anion conductors.

Krischer describes in detail the use of nonlinear dynamics in simulating the be-
havior of systems that can spontaneously form patterns in time and/or space. The
discussion illustrates the underlying principles of how such patterns emerge owing to
the interplay of homogeneous dynamics and coupling with electrode kinetics, migra-
tion, conductivity, cell geometry, and the external circuit. The wide variety of elec-
trochemical systems that give patterns has led to their wide use as convenient ““‘model
systems’’ for exploring fundamentals of nonlinear phenomena. Such knowledge may
eventually lead to applications that depend upon controlled instability for useful
purposes such as (temporal) catalyst regeneration or (spatial) self-assembly and pat-
tern formation.

The overview by Pleskov covers the literature on electrochemical behavior of syn-
thetic diamond films, as well as the use of electrochemical methods in their charac-
terization. The rapid advancement of the field of diamond electrochemistry was trig-
gered by progress in the technology of deposition of polycrystalline diamond thin
films on diamond and other substrates. Advances around the world have by now
led to formation of a self-consistent, but as yet incomplete, view of electrochemical
behavior of diamond. While discrepancies and scatter between data from different
research groups still exist, the rapid advance in film quality and in reliable methods
of evaluation point to a promising future.

In the last chapter, Strehblow provides a review of experimental methodology
and theoretical concepts of passivation and passivity of metals. The topics of em-
phasis include growth and composition of passive layers, their structure and elec-
tronic properties, and their breakdown. Current accomplishments are discussed in
detail for a selected number of key metal and alloy systems. Summarized in some
detail are the most important analytical methods for elucidation of chemical com-
position, electronic properties and structure of passive layers. It is shown for many
systems that the application of multiple combinations of electrochemical and spec-
troscopic methods provide many insights and confidence in the interpretation of the
passive behavior of metals.



Advances in Electrochemical Science and Engineering, Volume 8. Edited by Richard C. Alkire
Copyright © 2002 Wiley-VCH Verlag GmbH & Co. KGaA
ISBNs: 3-527-30211-5 (Hardback); 3-527-60078-7 (Electronic)

Contents

List of ContribULOrS. . ..ottt XI

Jirgen Fleig
Microelectrodes in Solid State Tonics ..........ooviiiiiiiii i 1

Katharina Krischer
Nonlinear Dynamics in Electrochemical Systems ............................ 89

Yuri V. Pleskov
The Electrochemistry of Diamond.................cooiiiiiiiiiiii it 209

Hans-Henning Strehblow
Passivity of Metals .......coouiiiiii i e 271

INAeX o 375



Advances in Electrochemical Science and Engineering, Volume 8. Edited by Richard C. Alkire

List of Contributors

Jiirgen Fleig

Max-Planck-Institute for Solid State
Research

Heisenbergstr. 1

D-70569 Stuttgart

Germany

juergen fleig@mpg.de

Katharina Krischer
Fritz-Haber-Institut der Max-Planck-
Gesellschaft

Faradayweg 4-6

D-14195 Berlin

Germany

krischer@ph.tum.de

Copyright © 2002 Wiley-VCH Verlag GmbH & Co. KGaA
ISBNs: 3-527-30211-5 (Hardback); 3-527-60078-7 (Electronic)

Yuri V. Pleskov

A. N. Frumkin Institute of Electro-
chemistry

Russian Academy of Sciences
Leninsky Prospekt 31

117071 Moscow

Russia
Pleskov@electrochem.msk.ru

Hans-Henning Strehblow

Institut fiir Physikalische Chemie und
Elektrochemie
Heinrich-Heine-Universitét
Universitétsstr. 1

D-40225 Diisseldorf

Germany
Henning@uni-diisseldorf.de



Advances in Electrochemical Science and Engineering, Volume 8. Edited by Richard C. Alkire
Copyright © 2002 Wiley-VCH Verlag GmbH & Co. KGaA
ISBNs: 3-527-30211-5 (Hardback); 3-527-60078-7 (Electronic)

Index

acceptor levels 332 charge balance 95
accumulation of Cr(III) 315 charge conservation law 98
accumulation of Si 324 charge-transfer reactions 335
activator-inhibitor systems 92, 118 chemical diffusion 35, 56, 61, 74
active dissolution 314 chemical shift 295, 296
admittance 119 chromite(FeCr,04) 317
— and bifurcation analysis 119 chromium 309
adsorption layer of OH™ 358 cluster pattern 182, 189
Agt-O distance 352 cobalt 306
Ag, O 350 Co electrodissolution
Ag3t—0 distance 352 — accelerating fronts during 152, 156 f, 160
AgCl 4, 71f, 49, 541t 68 — pulses during 173
aggressive anions 275 CO oxidation
AgO, thick film 350 — on rotating disk electrodes 148 f
Al enrichment 322 — oscillations in H,/CO mixtures 135
amorphous carbon 215, 246 conductivity gradient 24f, 34
amorphous granular structure of hydroxide conductivity profile 25, 58, 62, 63
368 configuration entropy 7f
amplitude demodulation method 232 constant phase element 227
anodic oxides 332 contact mode 357
antiphase oscillations 183 coordination number 345, 352
— during iron dissolution 183 copper 308
— during Ni dissolution 183 corrosion 223,274, 277
Au electrodissolution — current density 285
— potential fronts in the bistable regime 152 — in the passive state 279
— localized corrosion 275
band bending 336 corrosion pits 369
band gap 332ff critical pitting potential 369
Benjamin-Feir unstable limit cycles 159 crystalline Ag,O on Ag 349
bifurcation 114f crystalline Cu,O on Cu 354
— analysis by impedance spectroscopy 119 crystalline oxide 368
— diagram 119, 130ff Cu accumulation 329
— Hopf 118ff Cu/Ni alloys 326
— saddle loop 118, 130 Cu,O/CuO, Cu(OH), duplex film 337
— saddle node 114, 118f, 179 Cu, O passive layer 336
bifurcation diagram cuprite structure 361f
— of HN-NDR oscillators 131 current constriction 33, 35, 45, 47 ff
— of N-NDR oscillators 117, 164 current density of layer formation 282
— of S-NDR systems 146 current distribution 27, 46
bilayer structure 298, 318 current lines 25, 27, 38, 43, 46, 64
binary alloy 300
bistability 92 Debye length 332
— during peroxodisulfate reduction 113 Debye-Waller factor 346
—in S-NDR systems 143 defect 6, 13f, 76
brick layer analysis 27, 40, 54 depth profiles 298, 302
brick layer model 20, 22f, 26, 28, 55, 67, 70 diamond
Brouwer diagram 10, 13 — crystal structure 216 ff
bulk path 18, 31, 72, 74ff — electrochemical characterization 219 ff, 236,

Butler-Volmer equation 281 238, 253, 261



376

diamond (cont.)

— energy diagram 241

— fabrication 211ff

— kinetics of electrode reactions 235 ff

— — influence of crystal structure 246 ff

— photoelectrochemical response 257 ff

diamond-like carbon 215

— admixture of platinum 254

— intercrystallite boundaries 246

— nitrogenated 256

— tetrahedral 256

diffusion 9, 14, 171, 24, 26, 54, 56f, 61

direct/indirect transition 337

direct tunnelling 335, 365

disk electrodes

— pattern formation on disk electrodes 161 f

— — during iron electrodissolution 182

— — with negative global coupling 181

dissolution/precipitation mechanism 309

dissolution-resistant 354

double layer effects

— and negative differential charge transfer
resistance 121

drift-diffusion model 15, 67

duplex structure 300, 308

electroanalysis 252

electrocoloration 57f, 62f

electron transfer 279, 364 f

emersed electrodes 290

epitaxial relationship 362

equivalent circuit 20, 27, 47, 53, 65, 74

extended X-ray absorption fine structure
(EXAFS) 345

faradaic impedance 112

— bistability 114

— oscillations 127

— negative faradaic impedance in H,O,
reduction 135

Fe/Al alloys 322

Fe/Cr alloys 312

Fe/Ni alloys 318

Fe/Si alloys 324

film dissolution 279

film growth 279

Flade potential 305

flat band potential 225, 229, 245, 259, 334, 335,
337

formaldehyde oxidation

— oscillations during 142

formic acid oxidation 138 ff

— fronts during 171

— oscillations during 138 ff

— standing waves and pulses during 175

Index

Frenkel disorder 7

fronts 151ff

— accelerating 152 ff

— in reaction-diffusion systems 153, 186

general breakdown of passivity 369 f

grain boundary 14, 19f, 221f, 26, 35, 41, 52, 54,
62, 64, 67

grain boundary conduction 16, 41, 44, 69, 71

grain boundary impedance 22, 26f, 35, 66

granular anodic film 362

H,0; reduction 112ff, 121 ff

— autocatalytic effect 135

halides 370

Hebb-Wagner experiment 26, 35, 54, 57
Helmbholtz layer 331

high field mechanism 283

highly defective spinel structure 355
hopping mechanism 335

hydrodynamic modulation 286, 310
hydrogen oxidation

— cluster patterns 183

— oscillations 132 ff, 140

— patterns during oscillations 159

— pulses during 177

— stationary potential domains 167

— turbulence during 159

— waves under galvanostatic conditions 187

impedance spectroscopy 19, 25, 271, 29, 41, 45,
53f, 58, 65, 69, 219, 224 ff

— and bifurcation analysis 118

— during H,0, reduction 135

inhibition potential 275, 369

iodate reduction

— oscillations 131, 145f

ion scattering spectroscopy (ISS) 283, 293

iron 304

iron dissolution

— accelerating fronts 151

— antiphase oscillations 182

— cluster patterns 182

— oscillations 124 ff

— patterns during oscillations 156

Jacobian matrix 179
jump distance 283

Kroger-Vink notation 7

LaMnO; 18, 31, 49, 55
Langmuir Hinshelwood mechanism 148
Laplace’s equation 97 ff



limit cycle 130, 161
local breakdown 369

mass spectrometric methods 292

material balance equation 97

mean free path 346

mean free path 4 of the photoelectrons 297
mean-square displacement 346

metal electrodeposition 250 ff

metal-like diamond 235, 238, 245
methanol oxidation

— oscillations during 142

microelectrodes 5, 24, 32, 54, 253
migration coupling 99 ff, 108 ff, 150, 155, 171
mobility gap 335

near range order 346

Nernst-Planck approximation 96

Ni dissolution

— pattern formation in arrays of Ni
electrodes 188

— waves during 186

Ni(OH), 310, 368

Ni/Cr alloys 319

nickel 310

NiO 312

NiOOH 312

nonlinear dynamics 90

non-stoichiometry 9 ff

oscillations

— at the active/passive transition in metal
dissolution 124 ff

— during iodate reduction 125, 131

— during Fe(CN)s*~ oxidation 131

— during Fe(CN)s3~ reduction 131

— during formaldehyde oxidation 142

— during methanol oxidation 142

— mass-transport induced oscillations 117

— — experimental examples 92, 115ff

overpotential 280, 331

oxide crystallite 355

oxide films 274

oxide grains at the step 361

oxygen deficieny 9

oxygen reduction 17f, 20, 31, 46, 55, 63, 72

oxygen vacancies 360

passivation potential 274

passive film on Cu45Ni 348
passive layer 275, 355

passive potential range 274
passivity 277, 306, 314

periodate reduction

— inhibition by organic films 145 ff

Index 377

— oscillations and standing waves during 175
peroxodisulfate reduction

— bistable and oscillatory behaviour 121

— fronts in the bistable region 152

— stationary potential domains during 166
phase transition of organic adsorbates 145
— at the camphor|Au interface 143 f
phototransient measurement 343

pit nucleation 370

pitting corrosion 275, 369

pitting potential 275

Poisson’s equation 96

porous electrodes 72

potential distribution 23, 27, 30, 42, 44, 46
potential window 222, 224, 231

Pourbaix diagram 276

precursor 308

preferential oxidation 300, 326
preferential sputtering 302

Raman spectra 217

reaction-diffusion equations 93

reaction-diffusion systems 91, 99, 153, 191, 194,
198

rectification of current 240, 244

redox processes 279, 341

reduction of passive layers 305

relaxation frequency 20, 24f, 27, 29, 35, 39, 64 ff

repassivation of a corrosion pit 370

resistance

— cell-, effect on spatial coupling 109 ff, 169

— effect of compensated and uncompensated—
108 ff

— — on global coupling 113

— — on homogeneous dynamics 110

— electrolyte, effect on spatial coupling 109 ff

— external, effect on global coupling 114

— ohmic, effect on homogeneous dynamics 108

Rutherford backscattering (RBS) 283, 293, 329

scanning force microscopy (SFM) 344, 356f, 364

scanning tunnelling microscopy (STM) 344, 356f

Schottky barriers 67

Schottky disorder 7, 10

Schottky-Mott equation 335

secondary mass spectroscopy (SIMS) 283

self-organization 91

solid oxide fuel cell (SOFC) 4, 11, 17f

solid state ionics 4f, 19, 32, 54

sonoelectrochemistry 239

space charge 14, 16, 20, 23f, 27, 43, 45, 62, 66,
71

space charge layer 331

specimen preparation 292

spinel-y-Fe,O3/Fe, 04 355



378

split ring disc electrode 286

spreading resistance 33 f, 36, 43, 45, 47, 52, 69

sputter cleaning 316

SrTiOs; 4,7, 10, 13, 27, 49, 54, 64
stable pit growth 370

standing waves 180

— during formic acid oxidation 198
— during periodate reduction 180 ff
states within the band gap 335, 337
stationary domains

—in N-NDR systems 166

—in S-NDR systems 196

stationary passive current density 280

stoichiometry gradients 24, 26, 57
stoichiometry polarization 54, 57, 61
stoichiometry profiles 56, 64

stray capacitance 35f, 53, 58
structural effects

— during formic acid oxidation 140
subband 330, 335, 337, 365
surface analysis 289, 291

surface path 17, 31, 72, 75f
surface plasmon imaging 175, 193
surface states 343

thinning of a passive layer 370

three-phase boundary 17, 31, 46, 48, 55, 72, 75

transfer of specimens 292
transpassive dissolution 311

Index

transpassive potential range 274
transpassivity 314
Turing structure, Turing pattern 191 ff

vacancy 7ff, 57, 60, 67, 71, 76
valve metals 275, 329
varistor 41, 52, 54, 56

Warburg impedance 22, 74
well-ordered facets 368
work function 302, 312

XPS 298, 312, 318

— angular resolved 296

— background correction 294

— binding energy 296

— core level peaks 370

— emersed electrodes 298, 300

— quantitative evaluation 296

— small area 294, 308

X-ray absorption near edge structure
(XANES) 346

X-ray absorption spectroscopy (XAS) 344

X-ray diffraction (XRD) 344

X-ray induced Auger lines 295

zinc dissolution
— oscillations 124
7Zr0, 4,11, 14,19, 23, 26, 31, 55, 63, 73



Advances in Electrochemical Science and Engineering, Volume 8. Edited by Richard C. Alkire
Copyright © 2002 Wiley-VCH Verlag GmbH & Co. KGaA
ISBNs: 3-527-30211-5 (Hardback); 3-527-60078-7 (Electronic)

Microelectrodes in Solid State Ionics

Jiirgen Fleig

Max-Planck—Institute for Solid State Research, Heisenbergstr. 1, D-70569
Stuttgart, Germany

Contents

I INtrodUCtON ... ... 4
2 Charge Transport and Electrochemistry in Ionic Solids ............... . ... ... ...... 6
2.1 Defects in Tonic Crystals. ... ......ooitriee e 6
2.1.1 Defects and their Notation. . ...t 6

2.1.2 Intrinsic DiSOrder ... ... ... 7

2.1.3  EXtrinsic DISOrder. .. ...t 8

2.1.4 Non-Stoichiometry of SOlids . ........ ... 9

2.1.5 Brouwer Diagrams and Frozen-In Profiles. . ................................ 10

2.2 Mass and Charge Transport in Tonic Crystals............. ... ..o, 13
2.3 Charge Transport Along and Across Grain Boundaries. ............................ 14
2.4  Electrical Transport and Electrochemical Reactions at Electrode/Solid Interfaces. . ... .. 16
2.5 Impedance Spectroscopy in Solid State Ionics. ............. ..., 19

3 Indications for Microelectrode EXperiments . ... ........c.ouueiiiiineeeineeennnnnnn.. 24
3.1 Transport Properties of the Bulk........... .. ... . . . . 24
3.1.1 Inhomogeneous Bulk Conductivities. . . .........couueiiiiinneeriinenn. 24

3.1.2 Mixed Ionic and Electronic Conductivity. ..............cooiiiiiiiinna... 26

3.2 Electrical Properties of Grain Boundaries ................ooiiiiiineneiiiiinnen... 26
3.2.1 Spatially Varying Properties of Highly Resistive Grain Boundaries............. 26

3.2.2 Highly Conductive Grain Boundaries. .............. ... ..., 27

3.3 Electrochemical Processes at Electrodes. ................. .. i, 29
3.3.1 Reference Electrodes. ......... ..ot 29

3.3.2 Porous Gas Electrodes .. ..........uuuiui i 31

4 Theoretical Aspects of Microelectrode Experiments in Solid State Ionics................... 32
4.1 Investigation of Local Bulk Properties .. .............. oot 32
4.2 Investigation of “Individual”” Highly Resistive Grain Boundaries. .................... 35
4.2.1 Relations Between Impedance Data and Local Properties. .................... 35

4.2.2 The Interpretation of “Individual” Grain Boundary Measurements. ............ 40

4.3 Polycrystals with Highly Conductive Grain Boundaries. ............................ 41
4.4 Investigation of Electrochemical Processes at Electrodes . ........................... 45

5 Experimental Realization of Microelectrode Measurements. .. .............cooeeeeeeee... 49
6 Examples of Microelectrode Measurements in Solid State Ionics. ......................... 54
6.1 OVEIVIEW. . . .\ttt 54
6.2 Stoichiometry Profiles in SrTiO; after High DC Field Stress. ........................ 56
6.2.1 Definition of the Problem. ........ ... .. .. .. .. ... .. 56

6.2.2 Bulk Conductivities in SrTiO; Measured by Means of Microelectrodes ......... 58

6.2.3 Conductivity Profiles in SrTiOs Single Crystals after High-Field Stress.......... 58

6.2.4 Comparison With Theory . ... ... ... e 60

6.2.5 Conductivity Profiles in Polycrystals. . .......... ... .. i, 62

6.2.6 Effect of the Electrode Material .............. ... ... ... ... ... ... 63

6.3 Highly Resistive Grain Boundaries in StTiO3 . ... 64



6.4

6.5

Jirgen Fleig

6.3.1 Definition of the Problem and Experimental Details
6.3.2 Distribution of Grain Boundary Properties. . ......

6.3.3 Voltage-dependent Measurements and Mechanistic Considerations. . ...........

Highly Conductive Grain Boundaries in AgCl ...........
6.4.1 Definition of the Problem and Experimental Details

6.4.2 Determination of the Bulk Conductivity and the Grain Boundary Conductance. .
6.4.3 Mechanistic Interpretation of the Grain Boundary Conductance in AgCl .......
Investigation of the Oxygen Reduction Reaction on LaMnO3 Microelectrodes. . . ... ...

6.5.1 Definition of the Problem and Experimental Details
6.5.2 The Geometry Dependence of the Impedance Data.
6.5.3 Mechanistic Variations under Bias...............

7 Summary and Outlook ........... ...
8 References. ........ ..o

64
65
67
68
68
69
71
72
72
73
75
77
78

List of Symbols

A area

Agp grain boundary area

Ain area of the electrochemically inactive (inner) part of a microelectrode

Aring area of the electrochemically active ring at the three-phase boundary of a microelectrode

bring width of the electrochemically active zone at a three-phase boundary

¢ concentration

Cdef defect concentration

Cdop dopant concentration

Ce electron concentration

Ch hole concentration

¢y vacancy concentration

C capacitance

Chulk bulk capacitance

Ca electrode capacitance

Cgp grain boundary capacitance

Cin area-related (specific) capacitance of the electrochemically inactive (inner) part of a micro-
electrode

Cin nominal capacitance of the electrochemically inactive (inner) part of a microelectrode (C‘inAin)

C‘,Aing area-related (specific) capacitance of the electrochemically active ring at the three-phase bound-
ary of a microelectrode

Cring nominal capacitance of the electrochemically active ring at the three-phase boundary of a
microelectrode (C‘ri“gAri“g)

Copr spreading capacitance

Citray stray capacitance

D chemical diffusion coefficient

d e microelectrode diameter

e elementary charge

E electrical field

Ag free formation enthalpy of a defect pair

Ah formation enthalpy of a defect pair

hr resistance correction factor

he capacitance correction factor

1 current

particle flux
current density
Boltzmann constant



Rpux
Rel

R el
R
R
Ry

R gb,c

R gb, me
R spr
RACC
Rongb
Rongrain

Rring

T bulk
O'gb

Ap

fon

Microelectrodes in Solid State Ionics 3

thermodynamic equilibrium constant

length (thickness) of a sample

grain size

Sr-doped lanthanum manganite

oxygen partial pressure

radius

resistance

bulk resistance

electrode resistance

area-related (specific) electrode resistance

effective area-related (specific) electrode resistance (R A,)
effective (i.e. measured or simulated) electrode resistance
grain boundary resistance

grain boundary resistance between two large contact electrodes
grain boundary resistance between two microelectrodes
spreading resistance

additional bulk resistance due to current constriction close to the three-phase boundary
resistance measured with a microelectrode on a grain boundary
resistance measured with a microelectrode on a grain
area-related (specific) resistance of the electrochemically active ring at the three-phase boundary
of a microelectrode

local formation entropy of a defect pair

time

microelectrode thickness

temperature

electrical mobility

voltage

dc bias voltage

thickness

grain boundary thickness

area-related excess grain boundary conductance
area-related grain boundary conductance
yttria-stabilized zirconia

charge number

charge number of the defect

charge number of the dopant

impedance

three-phase boundary

permittivity

bulk permittivity

grain boundary permittivity

space charge permittivity

Debye length

chemical potential

electrochemical potential

bulk resistivity

grain boundary resistivity

conductivity

bulk conductivity

grain boundary conductivity

electrical potential

space charge potential

angular frequency

angular relaxation frequency



4 Jirgen Fleig

Subscripts

bulk bulk of the material, grain interior
ce counter electrode

def  defect
dop dopant

e electron
eff  effective
el electrode

eon electronic charge carrier

gb grain boundary

h hole

im  imaginary part

ion  ionic charge carrier

me  microelectrode

RC  resistor in parallel with a capacitor

re real part

ring electrochemically active region at the three-phase boundary of a microelectrode
spr  spreading

tot  total
\ vacancy
w Warburg

1 Introduction

The interdisciplinary field of solid state ionics deals with properties that are related
to ionic charge carriers and ionic transport phenomena in solids. It incorporates
therefore aspects of solid state chemistry, physical chemistry, solid state physics and
materials science. The materials that are investigated in solid state ionics are pre-
dominantly ceramics, to be specific inorganic ionic compounds such as crystalline
AgCl, NaCl, LaF3, ZrO,, SnO,, SrTiO;, LaMnOs3, LiCoO,, LisSiO4, BaCeO3, CuBr
or Nasicon (Naj;,Zr,P3_,Si,O12), and amorphous (Li;O).(Na,0),(B203)i—x_y, or
(AgPO3);_(Agl), [1-5]. Important phenomena and properties that receive attention
are i) ionic conductivity and diffusion in solids; ii) chemical and electrochemical re-
actions on or in ionic compounds (e.g. oxidation, intercalation, sintering, corrosion);
and iii) physics and chemistry of defects in ionic solids. Solid state ionics is thus
concerned with the basics of many technologically relevant processes, such as the
fabrication and degradation of ceramic materials. However, it is the use of ionic
solids in several key technologies, for example in fuel cells, sensors and batteries,
which explains the considerable interest in this field during the last ten or twenty
years:

i) Fuel cells are considered to play an important role in future electrical-power
generation for stationary power supply, vehicles, and portable electrical appli-
ances [6—13]. There are several fuel cell concepts using different electrolytes, of
which solid oxide fuel cells (SOFCs) are certainly one of the most promising,
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particularly for stationary power supply. SOFCs are based on an ion-conducting
oxide (e.g. Y-doped ZrO,), and research directed towards new solid electrolytes,
advanced electrode materials, or improved electrochemical performance of the
cells yields important contributions to the field of solid state ionics.

ii) Numerous current research activities in solid state ionics are concerned with
investigating sensors for gases such as O,, CO,, SO,, NOy, H, or Cl, [14-20].
Sensors based on zirconia ceramics are, for example, employed by the automo-
tive industry to control the combustion process.

iii) Li batteries exhibit the highest energy density of all existing batteries and consti-
tute a market of several hundred million dollars [21-26]. Cathodes of recharge-
able Li batteries (e.g. LiCoO,) are ionic intercalation compounds into which Li
can be incorporated. The investigation of new cathode materials, and an under-
standing of intercalation mechanisms, are but two topics in battery research re-
lated to solid state ionics.

These examples and the general subjects mentioned above illustrate that ion
conduction and the electrochemical properties of solids are particularly relevant in
solid state ionics. Hence, the scope of this area considerably overlaps with the field of
solid state electrochemistry, and the themes treated, for example, in textbooks on
solid state electrochemistry [27-31] and books or journals on solid state ionics [1, 32]
are very similar indeed. Regrettably, for many years solid state electrochemistry/solid
state ionics on the one hand, and liquid electrochemistry on the other, developed
separately. Although developments in the area of polymer electrolytes or the use of
experimental techniques such as impedance spectroscopy have provided links be-
tween the two fields, researchers in both solid and liquid electrochemistry are fre-
quently not acquainted with the research activities of the sister discipline. Similarities
and differences between (inorganic) solid state electrochemistry and liquid electro-
chemistry are therefore emphasized in this review. In Sec. 2, for example, several as-
pects (non-stoichiometry, mixed ionic and electronic conduction, internal interfaces)
are discussed that lead to an extraordinary complexity of electrolytes in solid state
electrochemistry.

The main purpose of this contribution, however, is to review recent advances
in solid state ionics achieved by means of microelectrodes, i.e. electrodes whose
size is in the micrometer range (typically 1-250 pum). In liquid electrolytes (ultra)-
microelectrodes are rather common and applied for several reasons: they exhibit a
very fast response in voltametric studies, facilitate the investigation of fast charge
transfer reactions and strongly reduce the importance of ohmic drops in the electro-
lyte, thus allowing e.g. measurements in low-conductive electrolytes [33, 34]. Micro-
electrodes are also employed to localize reactions on electrodes and to scan electro-
chemical properties of electrode surfaces (scanning electrochemical microscope |35,
36]); further developments refer to arrays of microelectrodes, e.g. for (partly spatially
resolved) electroanalysis [37—39], applications in bioelectrochemistry and medicine
[40, 41] or spatially resolved pH measurements [42]. Reviews on these and other ap-
plications of microelectrodes are, for example, given in Ref. [33, 34, 43-47].

In solid state ionics, on the other hand, microelectrodes are far less commonly
used and only recently has the number of studies using microelectrodes increased
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noticeably. This might be surprising, since — particularly because of the complexity
of the solid electrolytes — there are many different problems in solid state electro-
chemistry to which microelectrodes could be applied. They are, for example, destined
to quantify inhomogeneous bulk conductivities, to detect highly conductive grain
boundaries, or to investigate the distribution of the properties of highly resistive
grain boundaries. This is detailed in Sec. 3. Interpreting the results of microelectrode
measurements on solid electrolytes is by no means straightforward, however. The
equations for the local determination of bulk conductivities are well known [48—50].
On the other hand, the theoretical basis for a quantitative analysis of experiments on
grain boundaries, and of impedance studies involving electrodes with electrochemi-
cally active three-phase boundaries, have been developed only recently [51-54]; these
theoretical considerations are discussed in detail in Sec. 4. From an experimental
point of view, microelectrode experiments in solid state ionics can be demanding as
well: they often yield very high resistances, since many ceramics exhibit rather low
conductivities. Furthermore, even very small stray capacitances can generate consid-
erable measurement artefact. In Sec. 5, some experimental aspects of microelectrode
experiments on ionic solids are reviewed. Lastly, Sec. 6 is devoted to examples of
microelectrode measurements on ionic compounds. An overview is presented which
touches upon most of the recent microelectrode literature in solid state ionics.
(Measurements with miniaturized electrodes whose size is of the order of millimeters,
and scanning-probe microscopy studies using nanometer-sized electrodes, are not
considered.) Four experiments are discussed in more detail: i) a study of inhomo-
genous bulk conductivities due to non-stoichiometry effects in an oxide (SrTiO3); ii)
microelectrode experiments in order to determine the distribution of grain boundary
properties in an oxide (SrTiOs3); iii) measurements for the detection and quantifica-
tion of highly conductive grain boundaries in a silver ion conductor (AgCl); and iv)
an electrode kinetic study of the oxygen reduction reaction on an anion conduc-
tor (ZrO,). These examples are chosen with the aim of giving at least an idea of the
variety of scientific problems (bulk, grain boundary and electrode phenomena)
treated in solid state ionics. Furthermore, these experiments provide evidence that
microelectrodes are very useful tools in tackling solid state electrochemical problems.

2 Charge Transport and Electrochemistry
in Ionic Solids

2.1 Defects in Ionic Crystals
2.1.1 Defects and their Notation
Many important phenomena in solid state ionics, such as ionic conduction, gas per-

meation through dense solids, solid state reactions, high temperature corrosion, or
sintering of polycrystals, involve mobile ionic charge carriers. In most crystalline
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lattices, however, only point defects such as vacancies (unoccupied lattice sites) or
interstitials (ions on non-regular lattice sites) facilitate the transport of ions. In a
certain sense, ionic solids are therefore similar to pure water, wherein “defects” (i.e.
H;0" and OH™) are also necessary for an ionic current [55]. Thus, in most cases
defects, rather than regular constituents, are the particles relevant in electrical and
electrochemical phenomena in ceramics.

For reasons of clarity, a standard notation for defects in ionic solids has been
developed (Kroger—Vink notation [56, 57]). The main symbol of the notation in-
dicates whether the defect is a vacancy “V”’ or an ion, such as “Ag” in AgCl: a sub-
script denotes the site that the defect occupies, either the regular lattice site (eg. “Ag”
in AgCl) or an interstitial site “i”, and a superscript identifies the relative charges
with respect to the perfect lattice. Dots (*) represent positive charges, dashes (!) are
used for negative charges, and x denotes electroneutrality with respect to the perfect
lattice. Hence, a silver vacancy and a silver interstitial in AgCl are V/L and Ag;
respectively, whereas V;' denotes an oxygen vacancy in an oxide. In the following
sections, the mechanisms that determine the concentration of point defects in ionic
solids are discussed, emphasizing the similarities and differences between solid and
liquid electrochemistry.

2.1.2 Intrinsic Disorder

Let us first consider a pure ionic solid with negligible impurity concentration. The
two most common types of point defects in such solids are vacancies and interstitials.
These defects are usually charged relative to the perfect lattice, and in the bulk op-
positely charged defects co-exist in order to balance the charge. Two defect combi-
nations mainly occur in ionic lattices: i) Frenkel disorder (Fig. 1a) with vacancies and
interstitials of the same ion being the dominating defects (e.g. in AgCl, AgBr, BaF,,
CaF»; in the case of anionic defects (BaF,, CaF;) the term Anti-Frenkel disorder is
often used); ii) Schottky disorder with anion and cation vacancies as the predominant
defects (e.g. in NaCl, SrTiO3;, MgO).

The formation of defects involves the breaking of bonds; in thermodynamic
equilibrium, defects can therefore only exist if the endothermic formation enthalpy is
counterbalanced by entropic effects. The predominant contribution to this entropy
comes from the increasing number of configurations in which the particles can be
arranged in a lattice if defects are present. With analytical expressions for this con-
figuration entropy, the mass action law

_ - _ 120
AZCI A (a) AgCrAZ  (b) AECUAZ () ’
crager == crgr cred ar ox[] o*

_ Ag | _!

Ag Cl” Ag' Ag QI Ag' [ o Ag or o> o*

Fig. 1. Defect chemical phenomena: (a) formation of a silver vacancy and an interstitial silver ion in AgCl;
(b) formation of a silver vacancy in AgCl by doping with CdCl,; (c) non-stoichiometry in an oxide caused
by the excorporation of oxygen.
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—Ag/kT

CyCp = nNynpge = nynpge

—Ah/kTeAs/k (1)
can be deduced for two oppositely charged defects of dilute concentration ¢4, cp [58—
60]. In Eq. (1) n4, np are the concentrations of sites available for the defects 4, B and
Ag, Ah, As denote the free formation enthalpy, the formation enthalpy and the local
formation entropy of a defect pair.

The situation is equivalent to the formation of H;O" (“proton interstitial”’) and
OH~ (“proton vacancy”) in water where the endothermic formation enthalpy of the
water dissociation reaction is also compensated by the gain of configuration entropy
[61]. In both cases, defect chemical reactions can be formulated: the dissociation
reaction in water

HzO + HZO = H3C)Jr + OH7 (2)
corresponds to the Frenkel pair formation reaction
Agd, + Vi = Agi+ V), (3)

The defect concentration is exponentially related to A//T (Eq. (1)) and intrinsic
defect concentrations can therefore differ greatly. The materials parameter A/ varies
between several tens of kJ/mol and some hundred kJ/mol [62—64], and intrinsic de-
fect concentrations at room temperature can be higher than in pure water (e.g in
AgBr), but also much lower than one defect per cm? (estimated for MgO). Increasing
the temperature strongly enhances the defect concentrations and defect mole frac-
tions in the range of a few percent can be reached, e.g. in AgBr near the melting
point, or in S-PbF, and f-Agl near the transition temperature to the superionic
phase (i.e. to a phase with a highly disordered sublattice of mobile ions) [65-68].

2.1.3 Extrinsic Disorder

The defect concentrations in ionic solids can be enhanced by doping with aliovalent
ions: if, for example, Cd”>* ions replace Ag™ ions in AgCl, additional positive charges
are introduced that are compensated by negative silver vacancies (Fig. 1b). In terms
of a defect chemical reaction the doping can be written as:

CdCly — 2CI + Cdipg + Vi, (4)

The doping of a solid is similar to the enhancement of the H;O" or OH™ concen-
tration in water by adding a strong acid or base. However, while in water mobilities
of “dopant” ions are frequently similar to those of the native defects H;O1 and OH~
(69, 70], dopant ions in solids (e.g. Cd’ag in AgCl) are almost immobile. This is also
why supporting electrolytes (i.e. electrolytes with dissolved “‘dopants” that enhance
the ionic conductivity, but do not influence electrochemical electrode reactions [71,
72], are unknown in solid state electrochemistry.
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If the intrinsic defect concentration is much lower than the dopant (or impurity)
concentration cqop, €lectroneutrality requires a defect concentration cger according to

Zdop
Zdef

(5)

Cdef = Cdop

with zgop and zgr being the charge numbers of dopant and compensating defect
respectively. Such extrinsic disorder occurs particularly at lower temperatures, where
the intrinsic concentrations are rather low. In the case of large defect formation en-
thalpies (e.g. in oxides), the extrinsic disorder prevails even at high temperatures.
However, it should be remembered that — as in water — the mass action law of the
defect equilibrium (Eq. (1)) is valid even in the extrinsic regime.

2.1.4 Non-Stoichiometry of Solids

Ionic solids can always exhibit certain deviations from their stoichiometric compo-
sition. In thermodynamic equilibrium, tin dioxide (SnO,_s) is oxygen-deficient,
whereas cobalt oxide (Co;_sO) is a metal-deficient compound. In both cases the
J-value depends on the oxygen partial pressure. On an atomistic scale, deviations
from the stoichiometric composition again lead to defects: the oxygen deficiency of a
binary oxide MO;_;, for example, may either be due to metal interstital ions (M,")
or oxygen vacancies (V'). The decreased number of oxide ions, however, needs less
positive charge to preserve electroneutrality, and hence the cations are partly reduced
in such a case. From a charge carrier point of view, this reduction of cations cor-
responds to the formation of mobile electrons in the band scheme of the solid. In
other words, non-stoichiometry not only introduces ionic defects, but also electronic
charge carriers (Fig. 1c). This non-stoichiometry has no direct counterpart in water
and leads to a manifold of phenomena such as diffusion of (formally neutral) oxygen
in an oxide, mixed ionic and electronic conductivity and reduced electromotive forces
that distinguish solid state from liquid electrochemistry [30, 73-75].

With respect to the electronic charge carriers in ionic solids, it should be men-
tioned that semiconductor-like band structures with relatively wide band gaps (for
example ca. 3.1 eV in SrTiO3, 7.3 eV in NaCl and 3.2 eV in AgCl [76-78]) can often
be found. In these solids, electrons in the conduction band (CB), and holes in the
valence band (VB), can be regarded as electronic defects in equilibrium via the reac-
tion

eyg +hég = 3|CB + hyp- (6)

Similar to a Frenkel disorder, or to the dissociation equilibrium in water, a mass
action law according to

CeCp = Ke (7)

can be formulated for the electron concentrations in the conduction band ¢, and the
hole concentration in the valence band ¢ [73, 79].
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The extent of non-stoichiometry, i.e. the extent to which a compound can partly
be reduced or oxidized, strongly depends on the kind of cation. In Co;_;O or
SnO,_s, 0 can be of the order of one percent and in several oxides such as CeO;_g
and Mn;_sO even several percent are possible; in Al;O; or MgO, on the other hand,
the degree of non-stoichiometry is extremely small [78, 80-82]. Nevertheless, even
very small d-values can determine the charge carrier concentration in a solid, and
thus effects such as the kinetics of solid state reactions.

Let us further consider an oxygen-deficient oxide MO;_s. The equilibrium with
the surrounding gas, which determines the stoichiometry, can be written as

05 =10+ V5 +2¢ (8)
and leads to the mass action law
c2ey/(p(0,) = Ky 9)

with ¢y and p(O;) denoting the oxygen vacancy concentration and the oxygen partial
pressure. If the defect concentration is solely determined by the non-stoi-
chiometry, Eq. (9) can be used to calculate the partial pressure dependence of ¢. and
cv. Owing to the electroneutrality equation, 2¢y equals c. and

ey = Lo = /Ks/4(p(02)) (10)

results. Such a —1/6 relationship is frequently found in experiments (e.g. in BaTiO;
[83], SrTiOs [77, 84], SnO, [85, 86] or CeO, [87, 88]).

2.1.5 Brouwer Diagrams and Frozen-In Profiles

In many ceramics, intrinsic and extrinsic disorder, as well as the disorder due to non-
stoichiometry, have to be considered. Independent of the dopant level, the mass
action laws of intrinsic disorder, of the e-h equilibrium and of the reaction with the
surrounding phase are valid in thermodynamic equilibrium. Together with the elec-
troneutrality equation

(Zdopcdop + Z Zdef,icdef,i> =0, (11)
i

a system of four equations results. These equations unambiguously define the four
defect concentrations cy,, cy,,, e, and ¢, in a binary oxide with Schottky disorder
(Vo' and V]ﬂ,) and given dopant level cqop.

For broad partial pressure regimes, however, only two mobile defects, or one
mobile defect and the dopant, play a role in the electroneutrality equation (Eq. (11)).
In theses cases simple partial pressure dependences, namely power laws with con-
centrations being proportional to p(0,)", can be calculated (see e.g. Refs. [57, 80, 89,
90]). One example of such a simplified situation has been examined above (Eq. (10)).
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Fig. 2. (a) Sketch of the relations between defect concentrations and partial pressure (Brouwer diagram) of
a pure oxide MO _;. In regime II the intrinsic Schottky disorder determines the concentration, whereas in I
and III non-stoichiometry prevails. (b) Dependence of the hole and electron concentration on the frozen-in
oxygen vacancy concentration in a negatively (acceptor) doped oxide.

Considering different pairs of majority defects, all relationships between defect con-
centrations and partial pressure can be constructed from simplified situations, and
this leads to so-called Brouwer diagrams. Figs. 2a and 3a show such Brouwer dia-
grams for a pure oxide MO;_; with Schottky disorder, and for a Schottky-disordered
oxide with a negative dopant. (Please notice that the exact curves calculated from the
complete electroneutrality equation (Eq. (11)) exhibit smooth transitions rather than
sharp bends.)

In the case of a pure oxide (Fig. 2a), three partial pressure regimes are found: the
intrinsic regime for medium p(O,) and two regimes with defect concentrations being
dominated by non-stoichiometry. In the case of a doped oxide (Fig. 3a), two differ-
ent extrinsic regimes have to be distinguished: at low p(O,) a regime with vacancy-
compensated dopant charge (II) and at higher oxygen partial pressure a regime with
holes compensating the dopant charge (III).

However, the partial pressures at which the predominant defect(s) change and the
width of the different p(O,) regimes strongly depend on the material under consid-
eration. Frequently, only one or two regimes can be detected in the partial pressure
range that is typically used (ca. 1072 bar to 1 bar). In the case of highly doped ZrO,,
which is the electrolyte usually employed in solid oxide fuel cells (SOFCs), only the
vacancy-compensated extrinsic regime (II in Fig. 3a) is found [91, 92]; highly doped
LaCrO; (interconnect material in SOFCs) displays the transition from extrinsic
vacancy to extrinsic hole compensation (II and III in Fig. 3a) [93, 94]; in nominally
pure CeO,_; only regimes I and II (Fig. 2a) are observed [87]; and Fe;_;O is in its
entire stability range metal-deficient (6 < 0) [78]. Defect interactions, however, can
lead to deviations from the simple power-laws of Figs. 2 and 3.

It should be emphasized that the kinetics of the equilibration process after a
change of the surrounding phase (e.g. a p(O,) change) requires the movement of de-
fects and can be rather sluggish, particularly at lower temperatures. Therefore, non-
equilibrated ionic solids with composition gradients can easily occur, and often the
preparation conditions rather than the actual surroundings determine the defect
concentrations (frozen-in compositions). On the other hand, internal defect reactions
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Fig. 3. (a) Sketch of the relations between defect concentrations and partial pressure (Brouwer diagram) of
a negatively (acceptor) doped oxide MO;_s exhibiting Schottky disorder. Two extrinsic regimes (I and
III) and two regimes with prevailing non-stoichiometry (I and IV) are visible. (b) Sketch of the corre-
sponding partial conductivities and the total conductivity (bold line) for u, = u, > ujon. OXygen vacancies
are assumed to be the only mobile ionic defects. The regime with predominant vacancy concentration is
divided into three sub-regimes with electron, vacancy, and hole conduction (IIa, IIb, and Ilc).

can be in local equilibrium even if the exchange reaction with the surrounding at-
mosphere is frozen-in. In particular, the mass action laws of the e-h-equilibrium, and
of the Frenkel disorder, can usually be assumed to hold even at low temperatures. In
other words, the defect concentrations of, for example, electrons and holes will adjust
according to the concentrations of the frozen-in defects.

The dependence of the electronic charge carriers on a frozen-in oxygen vacancy
concentration is shown in Fig. 2b. According to this relation, considerable electron
and hole concentration gradients can be expected if a vacancy concentration gradient
is frozen-in, e.g. due to quenching of the sample during its equilibration process at
high temperatures. Oxygen vacancy concentration gradients, and thus ¢, and ¢, gra-
dients, can also appear if a voltage is applied to ceramics: in an oxide that cannot
equilibrate with its surroundings, the oxygen vacancies move in the electrical field,
but cannot leave or enter the sample. Consequently, V,;" accumulate in the vicinity of
the cathode, deplete at the anode, and the resulting oxygen vacancy gradient can lead
to strong electronic conductivity gradients. This phenomenon plays an important
role in the degradation of electroceramic components and spatially resolved mea-
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surements of the corresponding conductivity gradients by means of microelectrodes
are presented in Sec. 6.2.

2.2 Mass and Charge Transport in Ionic Crystals

In thermodynamic equilibrium, the electrochemical potential of a particle k (i, =
e + zrep, 1y, = chemical potential, ¢ = electrical potential, z; = charge number of
the particle, e = elementary charge) is constant. Gradients in /. lead to a particle
flux Jx and from linear irreversible thermodynamics [95] the fundamental transport
equation

Ok o -
Jy = ———=V, 12
K zje? Hx (12)

can be derived. The electrical conductivity g, is proportional to mobility u; and
concentration ¢; of the mobile charge carrier and is given by:

g = |zk|eukck. (13)

A sub-case of Eq. (12) — valid if the chemical potential is constant (Vi =0) — is
Ohm’s law, which relates the current density j, = zxeJx and Vo via

ik = —oiVo. (14)

Egs. (12-14) are valid for ionic (vacancies, interstitials), as well as for electronic
(electrons, holes), defects. The total conductivity gy of an ionic solid is then the sum
of ionic and electronic contributions, and both consist of conductivities of different
ionic (k,ion) and electronic (m,eon) defects leading to

Otot = Z |Zk,ion|euk,ionclc,ion + Z |Zm,eon|€um,eoncm,eon- (15)
k m

Since oy is proportional to ¢, the relation between oy, and the oygen partial
pressure can easily be constructed from the Brouwer diagrams with |z |uy as weight-
ing factors. In Fig. 3b, the conductivities of a doped binary oxide (cf. Fig. 3a) are
sketched. The much higher mobility of electronic charge carriers frequently leads to
partial pressure regimes (Ila, IIc) in which the total conductivity is dominated by
electronic species, although the dopant is mainly compensated by ionic defects. Such
regimes are characterized by o oc p(Oz)il/ * and are often experimentally observed
(e.g. in doped or impurity-dominated SrTiO; [77, 84, 96], CeO, [97, 98], LaCrO;
[93], SnO; [86], or BaTiOs [99]). It is a typical, though not trivial, task in solid state
ionics to reconstruct the defect chemistry from p(O;)-, temperature-, and dopant-
dependent conductivity measurements. The great number of ceramic materials, the
complication of defect concentrations being partial-pressure-dependent, and the
occurrence of mixed ionic and electronic conductivity, are probably why in solid
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state electrochemistry bulk (i.e. electrolyte) properties are often the focus of interest;
investigations in liquid electrochemistry frequently deal with electrochemical pro-
cesses at electrodes (“ionics” vs. “electrodics” [100]).

The movement of ionic defects is a thermally activated hopping process and typ-
ical activation energies are, for example, 0.03-0.05 eV for Ag; in AgCl [101, 102] or
>0.65 eV for J};" in various oxides [91, 98, 103—105]. Besides temperature-dependent
defect concentrations in the intrinsic regime, this activated hopping process is the
main reason for the strong temperature dependence of the conductivity in most ce-
ramic materials (e.g. 0 ~ 107! S cm~! in 8-10 mole % Y,03-doped ZrO, at 1000 °C,
but e~ 5-107% S cm~! at 300 °C [91, 106, 107]).

2.3 Charge Transport Along and Across Grain Boundaries

Ceramic materials are frequently polycrystalline and their electrical properties are
not only determined by the bulk conductivity, but also by the charge transport along
and across grain boundaries. From a structural point of view, the grain boundary is a
thin region (ca. 0.5-2 nm thick) exhibiting crystallographic and often also chemical
differences from the bulk, such as modified lattice distances, enhanced disorder,
amorphous regions, segregated impurities or even thin films of a second phase [108,
109]. This structurally modified region is often referred to as the core of a grain
boundary [108, 110]. The defect concentration in the core, and thus its electrical
properties, can strongly differ from that of the bulk. In ZrO, or CeQO,, for example,
high grain boundary resistivities are often attributed to siliceous phases at the grain
boundaries [111-114]. On the other hand, fast grain boundary diffusion has also
been observed in ionic materials [115-117]; this indicates that highly resistive, as well
as highly conductive, core regions are possible.

From an electrical point of view, the grain boundary consists not only of its core
zone, but also of space charge layers in the adjacent bulk regions with defect con-
centrations differing from that of the bulk. In order to understand the occurrence of
such space charge layers, let us consider a ceramic in the extrinsic regime (negative
dopant) with one predominant defect (e.g. oxygen vacancies). In a Gedankenexperi-
ment, we introduce a grain boundary into a grain. Owing to the different surround-
ings, the chemical potential of the mobile charge carrier in the bulk and in the grain
boundary core can be expected to be different. Thus, charge carriers begin to move to
the region with lower chemical potential. This charge exchange yields net charges in
the core and in the adjacent bulk regions (Fig. 4a), and thus an electrical field.
Charges move until, in equilibrium, the electrical potential difference balances the
chemical potential difference and f is constant. The exact charge distribution in the
bulk regions follows Poisson’s equation div(grad(¢) = —0/e (0 = charge density;
& = permittivity in the space charge region); the charge is distributed over a zone of
typically several nm in thickness, the so-called space charge layer.

With respect to charge transport in space charge layers, two main cases have
to be distinguished: decreased charge carrier concentrations, and thus highly resistive
space charge layers, and accumulation of charge carriers, i.e. highly conductive space
charges. Let us first consider the depletion case. For a spatially constant dopant
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Fig. 4. (a) Model of a grain boundary with a positively charged core region and negative space charges. In
the space charge mobile positive defects are depleted. (b) Sketched concentration profiles in a space charge
of an extrinsic (positively doped) silver halide. (c) Sketched concentration profiles of majority charge
carriers (singly-charged dopant and oxygen vacancies) and minority charge carriers (electrons and holes) in
a space charge layer of a negatively (acceptor) doped, mixed conducting oxide.

concentration cqop, the defect concentration in the space charge can easily be calcu-
lated from an approximate solution of Poisson’s equation leading to the parabolic
shape of log(cqer) sketched in Fig. 4a [118]. Concerning the resistance perpendicular
to such space charge layers, two limiting cases can be distinguished [118, 119]:

i) If the mean free path of the charge carrier is much smaller than the space
charge thickness, the transport through the layer is again governed by the transport
equation Eq. (12) [118]. This so-called ““drift-diffusion model” applies for ionic de-
fects and is sometimes also discussed for electronic charge carriers, for example for
small electron polarons. The approximate small signal ac resistance

Ry — 2 exp(zaereAp/kT) ek T? (16)
¢ Toulk Agb 223 p3Cop| ZaopAg)|
and capacitance
Agp |Zdo |5scecd0
C., = & [lzdoplvscrrdop 17
£\ 2)ag) (17)
as well as the corresponding effective thickness
2e5e|A
gy — 2, | 2slB0l (18)
|Zdoplecaop

of such a double space charge layer at a grain boundary can be calculated in
straightforward manner [51, 118]. Here the symbol Ag denotes the electrical potential
difference between the grain boundary core and the bulk interior; Ay, is the grain
boundary area, and opy represents the conductivity of the grain interior (bulk of the
material). In many cases & can be approximated by the bulk permittivity epyik.
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ii) In the case of electronic charge carriers, the mean free path can be much larger
than the space charge thickness and a transfer across the space charge takes place in
one step; the charge carriers “feel” the energy barrier (zqereAg) rather than the local
conductivity [118]. The corresponding “‘thermionic emission model” is often assumed
in semiconductors with band conduction such as Si or ZnO [119-121]. Egs. (17) and
(18) are again valid, but the small signal ac resistance follows a modified equation
[118]. However, since the drift-diffusion and the thermionic emission model lead to
similar I-V and C-V characteristics [118, 119], it can be difficult to decide which of
the models should be applied to interpret the experimental results.

The current-voltage (I-V) and capacitance-voltage (C-V) relationships of grain
boundaries, however, are rather complicated, since under bias an asymmetric charge
redistribution between the core and the two space charge layers takes place. This re-
distribution depends on the (usually unknown) density and energy of the levels
(states) in the core of the grain boundary and complex I-V and C-V characteristics
result [121-123]. Ohmic, sub-ohmic (dlog(I/A)/dlog(U/A) = o < 1) and super-ohmic
(o > 1) regimes can, for example, be observed in a single I-V curve.

In the case of an enhanced charge carrier concentration in the space charge (cf.
Fig. 4b), mainly the current parallel to the grain boundary plane is important. The
corresponding parallel excess grain boundary conductance

AYyg ~ 4 poouk exp(eAp/2kT) (19)

has been deduced in Ref. [124] for |z4op| = |Zaer| = 1, with the Debye length 1p being

defined as \/ (8sckT) /Zezcdeﬂ bulk - In the case of transport along the grain boundary,
the mean free path of the charge carrier plays often no role and Eq. (19) is valid for
both ionic and electronic defects. Accumulation space charge layers play an impor-
tant role in heterogeneous doping of solid ionic conductors (i.e. the addition of a
non-soluble insulating compound, e.g. Al,O3 in AgCl) [125-127].

The majority charge carrier determines the electrical potential profile in a space
charge layer, but the minority charge carriers are also in thermodynamic equilibrium,
and thus their concentrations adapt to the given electrical potential. Consequently, in
an oxide with a negative dopant and oxygen vacancy depletion, holes are depleted as
well, whereas the electron concentration is enhanced in the space charge (Fig. 4c). It
is also worth mentioning that, although dopants exhibit a very low mobility and do
not contribute to the ionic current, they can equilibrate at high temperatures and
frequently display concentration profiles in space charge layers [128]. If the majority
charge carrier is depleted, then the dopant concentration is enhanced in the space
charge region; this is often referred to as ““segregation of the dopant™.

2.4 Electrical Transport and Electrochemical Reactions
at Electrode/Solid Interfaces

In the case of electrical transport across and along space charge layers at grain
boundaries, there is usually no fundamental difference between electronic and ionic
charge carriers. At electrodes, however, electrons and ions behave completely differ-
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ent: the electron transfer into the electrode is again mostly determined by space
charge layers (Schottky barriers) [118, 119] and considerations similar to those men-
tioned in the previous section apply. I-V characteristics and C-V relations can be
derived analytically (a diode-like I-V curve and a linear relationship between 1/C?
and the voltage V); for more detailed information, consult the extensive literature on
Schottky contacts. Let here suffice a remark with respect to the terminology used
later on: If the space charge layer at an electrode represents negligible impediment to
carrier flow, then the corresponding electrode is termed ““ohmic™.

In the case of ions, space charges at electrodes might again play a role; however,
at an electrode the ionic current has primarily to be transferred into an electronic
current, and hence electrochemical reactions are always involved. It is these electro-
chemical redox reactions that are frequently of prime interest in liquid electrochem-
istry. In contrast, in solid state electrochemistry fewer investigations have dealt with
such electrode reactions. One reason is the complexity of the bulk itself (see above).
Moreover, oxidation and reduction reactions of “dopants’ at electrodes, i.e. of ions
and molecules being dissolved in the liquid electrolyte (e.g. Fe’*/Fe?*) have no
counterpart in ionic solids, since the dopants are mostly immobile. Hence, only elec-
trochemical reactions involving the mobile cation or anion of a solid electrolyte are
usually investigated. Several papers have discussed the deposition or dissolution of
metals on cation conducting solid electrolytes and the double layer of the corre-
sponding electrolyte/metal interface [129—144]. In such investigations, the morphol-
ogy and contact geometry of electrode/electrolyte interfaces irreversibly changes
during the deposition or dissolution of metal, thus complicating mechanistic elec-
trode kinetic studies on cation conductors considerably. The largest number of
electrode kinetic studies in solid state ionics, however, deals with the electrochemical
reactions taking place in solid oxide fuel cells (SOFCs), namely the reduction of
oxygen and the oxidation of fuel (H,, CO, CH4) on oxide ion conductors (Fig. 5a).
Nevertheless, there are still many open questions concerning the reaction mecha-
nisms of these reactions.

In the rest of this section some aspects of the oxygen reduction reaction

10, (gas) + 2™ (cathode) = O~ (electrolyte) (20)

are discussed. The electrochemical mechanism of this cathodic reaction has been in-
vestigated on perovskite electrodes [145-173], platinum electrodes [174—182], gold
electrodes [182, 183] and silver electrodes [184, 185]. Since the gas cannot be supplied
via the electrolyte, mostly porous cathodes are used in such studies and frequently
the experimental results are discussed in terms of the following two reaction paths
(e.g. Refs. [148, 150, 154, 155, 158, 165, 169, 184—188]):

i) The surface path includes adsorption of oxygen on the electrode surface, diffu-
sion of a (possibly dissociated and partly ionized) oxygen species along the surface
towards the three-phase boundary (3PB), complete ionization, and an ionic transfer
step into the electrolyte (Fig. 5b). The incorporation into the electrolyte does not
necessarily occur directly at the 3PB; surface or interface diffusion of the ionized
species could lead to a certain broadening of the incorporation zone. Modifications
of this path include direct adsorption of oxygen at the 3PB (without surface diffusion
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electrolyte

Fig. 5. (a) Working principle of a solid oxide fuel cell. (b) Sketch of possible reaction paths of the oxygen
reduction reaction, taking place on a particle of a solid oxide fuel cell cathode.

on the cathode surface), or adsorption on the electrolyte plus surface diffusion to the
3PB. I-V characteristics and partial pressure dependencies of some possible rate de-
termining steps have been discussed e.g. in Refs. [164, 175, 180, 187].

ii) The bulk path consists of oxygen dissolution in the electrode, oxygen transport
through the electrode, ionization step(s), and the transfer of the ion into the electro-
lyte. In metal electrodes with sufficient oxygen solubility, diffusion of neutral oxygen
species is possible. In the case of oxide cathodes (often perovskites) the oxygen in-
corporation into the electrode material (Fig. 5b) includes the ionization of oxygen,
and hence oxygen transport in the bulk comprises the conduction of ions.

A third path, namely the ionization of the oxygen on the electrolyte surface fol-
lowed by a direct incorporation into the electrolyte, can also not be excluded. In this
case the electronic charge carriers, which are required in the oxygen reduction reac-
tion, have to be supplied from the electrolyte. In solid electrolytes with very low
electronic conductivity (e.g. zirconia), it can therefore be expected that the active
zone is restricted to a region very close to the three-phase boundary. Hence, this path
is, from a geometrical point of view, similar to the surface path discussed above.

The surface path is regarded as predominant for Pt and Au electrodes [174—-183].
In doped LaMnO3, which is the most widely used SOFC cathode material, the ionic
conductivity is rather low and it is often also assumed that the reaction via the sur-
face path determines the current, although for certain electrode geometries, or under
high overvoltages, significant oxide ion transport through doped LaMnO; can not
be excluded [148, 150, 155, 165]. In mixed ionic and electronic conductors with
considerable ionic conductivity (e.g. doped LaCoO3 or LaFeOs3), on the other hand,
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the bulk path can be expected to be “open’, thus lowering the polarization resis-
tance [158, 171, 189, 190]. Owing to the relative high solubility of oxygen and the
non-negligible oxygen diffusion coefficient in Ag, it is assumed that also in the case
of silver electrodes the bulk path may dominate the reaction rate [184, 185, 191-193].

Different partial pressure dependences, current voltage characteristics and acti-
vation energies have been reported for the same clectrode material, the absolute
values of the polarization resistances considerably vary from investigation to in-
vestigation and even nominally identical preparation procedures can lead to dis-
tinctly different results [194-196]. These inconsistencies, which often hinder generally
accepted mechanistic interpretations, can partly be explained by the fact that the
porous cathodes are often morphologically and chemically ill-defined, considerably
depend on the preparation procedure, and can change during the measurements
[194-196]. Plenty of research is still required to solve this complex problem; new re-
sults obtained by means of defined microelectrodes are discussed in Sec. 6.5.

Finally, two remarks regarding terminology. If an electrochemical reaction dis-
plays a negligible resistance, the corresponding electrode is called a “reversible elec-
trode”. Reversible electrodes are known for cation conductors, but have not been
reported for oxide ion conductors. The term “‘electrode resistance’ denotes the elec-
trical resistance due to the electrochemical reaction, or to the transfer through the
space charge, rather than the resistance of the electrode material itself.

2.5 Impedance Spectroscopy in Solid State Ionics

Conventional two-electrode dc measurements on ceramics only yield conductivities
that are averaged over contributions of bulk, grain boundaries and electrodes. Ex-
perimental techniques are therefore required to split the total sample resistance Ry
into its individual contributions. Four-point dc measurements using different elec-
trodes for current supply and voltage measurement can, for example, be applied to
avoid the influence of electrode resistances. In 1969 Bauerle [197] showed that im-
pedance spectroscopy (i.e. frequency-dependent ac resistance measurements) facili-
tates a differentiation between bulk, grain boundary and electrode resistances in
doped ZrO; samples. Since that time, this technique has become common in the field
of solid state ionics and today it is probably the most important tool for investigating
electrical transport in and electrochemical properties of ionic solids. Impedance
spectroscopy is also widely used in liquid electrochemistry and reviews on this tech-
nique be found in Refs. [198-201]. In this section, just some basic aspects of imped-
ance spectroscopic studies in solid state ionics are discussed.

Different kinds of plots based on impedance Z, admittance Z~', modulus iwZ, or
complex capacitance (in)_] can be used to display impedance data. In solid state
ionics, particularly plots in the complex impedance plane (real versus imaginary part
of Z) and impedance Bode-plots (log(Z) — log(w)) are common. A RC element (re-
sistor in parallel with a capacitor) has, for example, an impedance according to

Zre = 1+'c71— R (1)
REZA\RTY) TT¥iwRC
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(w = angular frequency) and yields one semicircle in the complex impedance plane
(Z-plane) with R being the diameter of the semicircle (Fig. 6a). In the log(Z)-log(w)
plot, a maximum in the negative imaginary part of Z results for the same element
(Fig. 6a).

The frequency at which the currents via the resistor and the capacitor are equal
and the imaginary part of the impedance reaches its maximum is the characteristic
frequency o, (relaxation frequency) of a RC element. It is given by

_ L
" RC’

Oy

(22)

Two serial RC elements with distinctly different relaxation frequencies lead to well-
separated dispersion signals in impedance spectra. Depending on the absolute values
of the resistances and capacitances, certain representations of the impedance data
provide information of this dispersion; in many cases, two different relaxation fre-
quencies yield two semicircles in the complex Z-plane and each arc can be related to
one RC element (Fig. 6b). In order to intuitively understand this relaxation behavior,
let us consider a circuit with R, similar to R, but Cg > Cy4. In the dc case, the cur-
rent has to pass both resistances, and R4 + Rp results. Increasing the frequency leads
to a dielectric “opening” of the large capacitance, that means Cp short-circuits Rp,
the impedance decreases and describes — because of the phase shift between the cur-
rent and the applied voltage — an arc in the Z-plane. At medium frequencies, the
impedance of RC-element B is negligible compared with that of 4, and the imped-
ance is just given by R4. A further frequency increase, finally, opens the capacitance
C,4 and causes the high-frequency arc. Hence, the impedances of the two RC-
elements can easily be separated in such a case.

It is especially this feature to separate electrical and electrochemical processes
with different relaxation frequencies that makes impedance spectroscopy so attractive
in solid state ionics. This is specified for an ionic solid consisting of homogeneous
grains and highly resistive grain boundaries. For the sake of simplicity, let us assume
a so-called brick layer model [124, 202, 203], i.e. a polycrystal consisting of cubic
grains, laterally homogeneous grain boundaries and identical, homogeneous elec-
trodes (Fig. 7a). Since the charge transport along the highly resistive grain boun-
daries is negligible, the sample reduces to a quasi-one-dimensional series of bulk
layers, grain boundary planes and electrodes (Fig. 7b).

The ac current in a bulk layer consists of the faradaic current resulting from mo-
bile charge carriers (Eq. (12)) and the dielectric displacement current. For frequency-
independent conductivities and permittivities, the one-dimensional current flow in
such a homogeneous bulk layer can be expressed by a RC-element with the resistor
representing the faradaic current and the capacitor describing the displacement cur-
rent. Processes causing highly resistive grain boundaries (space charge layers or sec-
ond phases) can frequently be represented by a RC element as well. The same holds
good for space charge depletion layers at electrodes [204]. Lastly, the equivalent cir-
cuit of an electrochemical electrode reaction strongly depends on its rate-determining
step: an oxygen reduction reaction (Fig. 5b) with adsorption of oxygen on the elec-
trode surface being rate-limiting also leads to a RC element [205]. If, on the other
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Fig. 6. Impedance spectra in the Z plane and in the Bode plot (log(Z) vs. log(w)) for (a) one RC element;
(b) two RC elements; (c) three RC elements representing the situation of a polycrystal with non-ohmic
electrodes and highly resistive grain boundaries; and (d) three RC elements with two similar relaxation
frequencies (w,2 = 3w;3) leading to overlapping semicircles.
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Fig. 7. (a) Polycrystal consisting of cubic grains, identical and laterally homogeneous highly- resistive grain
boundaries, and laterally homogeneous electrodes (brick layer model); (b) Polycrystal after removing the
grain boundary planes, which are negligible for the current flow. Electrodes, grain boundary planes, and
bulk layers can be described by RC elements. (c) Resulting overall equivalent circuit.

hand, the transport of oxide ions through a mixed conducting electrode is rate-
determining, a finite Warburg impedance, Z,, = Rel(TWia))*l/ tanh((T Wia))l/ %), in
parallel with a capacitance, can be expected [206, 207] (R = electrode resistance,
Ty = fit parameter related to the diffusion coefficient; cf. Sec. 6.5). For the sake of
simplicity, let us assume a RC-like electrode impedance.

Hence, in simple cases each bulk layer, each grain boundary plane, and both
electrodes of the brick layer model sample, can be represented by separate RC ele-
ments (Fig. 7b). The RC elements of the n bulk layers can be combined to a single
RC element with the n-fold resistance and the 1/n-fold capacitance of a single layer.
The n — 1 grain boundary impedances can also be summed, as can the two electrode
impedances, and hence the model sample corresponds to a series connection of three
RC elements (Fig. 7c) with

L

R = 23

bulk = (23)
EpukAd

Coulk :% (24)
w.

Rgy = —2(L/Ly — 1) (25)

O'gbA
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Cp=22 — 26
& e (L/L,— 1) (26)
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Ry =— 27
el O'elA ( )
SelA
Co = . 28
4 D (28)

Subscripts bulk, gb, and el denote grain interior, grain boundaries and electrode
parameters, symbol w represents thicknesses, 4 and L are the sample area and
length, respectively, and L, is the grain size. For space charges causing electrode or
grain boundary impedances, wg, and we are the thicknesses of the corresponding
space charge layers (cf. Eq. (18)) and oy, 0o are effective conductivity values of the
space charge zones. If electrochemical reactions lead to the electrode impedance wj,
oel, and &g have often no physical meaning and area-related resistances and capaci-
tances can be considered. According to Egs. (23-28) the relaxation frequencies w;, ;
of bulk, grain boundaries, and electrodes read

agj
i = 29

and are thus geometry-independent parameters.

In polycrystalline ceramics with the relaxation frequencies of bulk, grain boun-
daries, and electrodes being sufficiently different (e.g. in doped, polycrystalline ZrO,
[208-210]) three semicircles result in the Z-plane (Fig. 6¢) and each arc can be re-
lated to one electrical or electrochemical process. Conductivities (or area-related
resistances) of bulk, grain boundaries and electrodes may be calculated from the
resistances according to Egs. (23), (25) and (27) (if the geometrical parameters are
known), or from the corresponding relaxation frequencies (if sensible permittivity
values can be assumed in Eq. (29)). The bulk capacitance Cypyx yields the bulk per-
mittivity and Egs. (26) and (28) allow the determination of thicknesses from the grain
boundary and electrode capacitances if reasonable permittivities (usually the bulk
value) are used. For space charges, thicknesses of the order of a few nm to 100 nm
can typically be expected, while electrochemical electrode processes usually lead to
apparent values below 1 nm.

In experimental impedance spectroscopic studies, however, several factors may
complicate the interpretation of the spectra and a few of these complications will
briefly be touched upon: i) If high conductivities are considered (¢ > 1073 S em™!),
then the corresponding relaxation frequencies are well above the measurement range
of a conventional impedance set-up (frequencies up to ca. 10 MHz). Hence, processes
with high conductivites cannot be separated by conventional impedance spectros-
copy. ii) The assumption of a quasi-one-dimensional current flow, which is the basis
of the above presented brick layer model, is often violated [203, 211-214]. Some
complications due to multi-dimensional potential distributions will be discussed in
Sec. 3.2.1. iii) Highly conductive regions perpendicular to the electrodes (e.g. highly



24 Jirgen Fleig

conductive grain boundaries) yield additional parallel current paths, and thus cause
parallel instead of serial RC elements. These parallel RC elements cannot be sepa-
rated by impedance spectroscopy (cf. Sec. 3.2.2). iv) Relaxation frequencies of
electrochemical processes on electrodes are often sufficiently low to separate grain
boundary and electrode effects; however, such a separation is difficult if space
charges determine electrode as well as grain boundary resistances. Similar relaxation
frequencies may result, and hence the corresponding semicircles strongly overlap, as
sketched in Fig. 6d. In the case of ideal RC elements, a non-linear least-square fit
[215] would still allow an exact determination of all R- and C-values. In reality,
however, ideal RC elements are rather rare, and it is often difficult to decide whether
e.g. a non-ideal semicircle is due to different transport mechanisms involved, spa-
tially varying relaxation frequencies of one and the same process, or other non-
idealities, such as frequency-dependent current lines [212, 214, 216] or frequency-
dependent conductivities [217-220]. If only two semicircles are measured, and it is
not obvious whether the second arc is due to electrodes or grain boundaries, the
corresponding capacitance value gives at least a hint: since in polycrystalline samples
usually numerous grain boundary planes are in series while only two electrodes are
present, C can be expected to be much larger than Cg,. The electrode capacitance
C, is typically of the order of uF cm~2 and, in the case of electrochemical electrode
reactions, even values greater than 1mF cm~2 are possible; Cgp on the other hand is
often less than 100 nF cm~2. Further possibilities to identify the origin of a second
arc are measurements with different electrode materials, sample-thickness-dependent
measurements, or (rather difficult [221]) four-point impedance measurements.

3 Indications for Microelectrode Experiments

3.1 Transport Properties of the Bulk

3.1.1 Inhomogeneous Bulk Conductivities

Owing to several reasons, bulk conductivities in ceramics are frequently inhomoge-
neous:

i) If the surrounding or the temperature of an equilibrated ionic solid is changed,
diffusion processes are required to adjust to the new conditions. Since the diffusion
coefficients in ionic solids can be rather low, non-equilibrium situations — that means
stoichiometry gradients — are often met, particularly at lower temperatures. The
conductivity is closely related to the exact composition and such stoichiometry gra-
dients are therefore often accompanied by conductivity gradients (cf. also Sec. 2.1.5).

ii) Dopants are added to ionic solids in order to achieve certain properties as
e.g. high conductivities. However, mobilities of dopants are frequently very low and
during the preparation of the solid, dopant profiles (and thus conductivity variations)
can easily occur. If a homogeneous solid solution (A,B;_,)O is exposed to an oxygen
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partial pressure gradient, the different mobilities of the cations initiate a kinetic
demixing and an inhomogeneous composition again results [222-224]. This phe-
nomenon may also lead to dopant concentration gradients in initially homogeneous
oxides [224].

iii) Inhomogeneous bulk properties also arise if different phases are present, i.e. if
a composite material is investigated. Composites can unintentionally form if meta-
stable materials such as tetragonal partially stabilized zirconia [225-227] are under
investigation. On the other hand, composites are often deliberately produced, since
they can yield overall materials properties being superior to those of the individual
phases. Fiber- and whisker-reinforced ceramics for the purpose of increased fracture
toughness [228], thick-film resistors consisting of RuO, and lead borosilicate glass
[229, 230], or heterogeneously doped solid electrolytes such as Lil/Al,O; and Agl/
AL O3 [125, 231-233] might serve as examples of ceramic composites. In these
multiphase samples considerable conductivity variations can be expected.

Impedance spectroscopy is sensitive to different dielectric relaxation frequencies
w, = /¢ (Sec. 2.5) and hence should reveal conductivity gradients in solids. Figure 8
presents the impedance spectrum calculated for a linear, one-dimensional conduc-
tivity profile. Obviously a depressed semicircle results and this “deformation” re-
flects the distribution of relaxation frequencies. However, the calculation of the
conductivity profile from a measured impedance spectrum is only possible in one-
dimensional cases with conductivities being continuously decreasing or increasing
[234], and even in such cases the recalculation is numerically challenging and requires
very accurate experimental data. Moreover, other phenomena, such as frequency-
dependent current lines [212, 214, 216] (see also below) or frequency-dependent con-
ductivities [217-220] also yield depressed semicircles and an unambiguous relation of
the frequency dispersion to conductivity gradients is often not possible. Hence, there
is definitely a demand for spatially resolved conductivity measurements, particularly
if there are any hints at inhomogeneous conductivities (e.g. depressed bulk imped-
ance arcs). Microelectrodes facilitate such local investigations of conductivity profiles
and can therefore be a very useful tool in solid state ionics. This is demonstrated in
Sec. 6.2 for the probably most typical inhomogeneity effect in this field, namely a
spatially varying stoichiometry in an oxide.
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3.1.2 Mixed Ionic and Electronic Conductivity

The total bulk conductivity of an ionic solid can frequently be obtained from the
high-frequency semicircle of an impedance spectrum; the determination of the partial
ionic and electronic conductivities, however, requires further efforts. In the most
common approach, a cell is used in which either the ionic or the electronic charge
carriers are blocked at an electrode (Hebb—Wagner experiment) [73, 235-237]. The
ionic current in AgCl can, for example, be blocked by Pt electrodes; for an inhibition
of the electronic current, an ion conductor with extremely low electronic conductiv-
ity (e.g. Y-doped ZrO,) is used in series with the solid under investigation (e.g.
LaCoOs3). Immediately after applying a dc voltage, all mobile charge carriers move
in the electrical field. However, the blocked charge carriers accumulate or deplete at
the blocking interface(s) and a concentration gradient, i.e. a stoichiometry gradient is
built up. This concentration gradient gives rise to a backward driving force and after
some time a steady state situation results in which the concentration gradient of the
blocked particle and the electrical potential gradient counterbalance each other; the
flux of the corresponding charge carrier vanishes. The steady state current is thus
solely carried by the non-blocked charge carriers and yields their partial conduc-
tivity. The relaxation time to reach this steady state depends on the electrode con-
figuration and in the case of conventional macroscopic electrodes, hours, weeks or
even years may be required to perform such experiments. Microelectrodes shorten
the relaxation times by orders of magnitude and thus extend the application of
Hebb—Wagner experiments considerably [238, 239] (see also Sec. 4.1). This effect of
miniaturization has a counterpart in liquid electrochemistry where the steady state
of diffusion is also reached much faster if microelectrodes are used [33, 34, 45, 46].

3.2 Electrical Properties of Grain Boundaries
3.2.1 Spatially Varying Properties of Highly Resistive Grain Boundaries

The brick layer model (Sec. 2.5) allows a quantitative analysis of the grain boundary
impedance caused by highly resistive grain boundaries. However, one-dimensionality
has to be assumed in such an analysis, and it is an important question in how far the
model is applicable to real ceramic materials. In Refs. [214, 240, 241] it has been
shown that the assumption of cubic-shaped grains of equal grain size (brick layer
model) is frequently a satisfactory approximation: although inhomogeneous current
densities result for more complicated microstructures the corresponding effective re-
sistances and capacitances are close to those expected for the simple brick layer case.
Only relatively extreme grain size distributions (e.g. some large and many small
grains) yield significant deviations [214].

Serious problems with respect to a quantitative analysis can occur if the assump-
tion of identical grain boundaries is violated. In sintering processes, inhomogeneities
are the rule rather than the exception and grain boundary cores in one and the same
polycrystal can easily differ in terms of structure and chemistry [109, 120, 242-246].
Hence, core as well as space charge conductivities might also vary from boundary to
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boundary. Different space charge potentials and thus very different grain boundary
conductivities have e.g. been observed for X3, X5, and X13 grain boundaries in
SrTiO; bicrystals [246, 247, 248]. In Refs. [214, 249] it has been discussed how such
varying grain boundary properties influence the effective grain boundary impedance.
It was shown that the current makes detours around highly resistive grain boun-
daries, but flows through the less resistive ones. The current distribution is thus no
longer one-dimensional. Owing to this multidimensionality of the potential distribu-
tion, it is not possible to separate the different grain boundary relaxation frequencies
by means of a one-dimensional equivalent circuit consisting of serial RC elements.

As long as the distribution of grain boundary properties is relatively narrow, at
least the mean grain boundary conductivity can approximately be determined by a
brick layer analysis [214]. If, however, grain boundary properties in a polycrystal
vary by orders of magnitude a quantitative analysis of conventionally obtained grain
boundary impedances is no longer conceivable. Even a qualitative misinterpretation
of the grain boundary arc in the complex impedance plane is possible: Let us, for
example, consider a polycrystal with approximately 1/3 of the grain boundaries be-
ing completely insulating while the other grain boundaries exhibit bulk conductivity.
The resulting inhomogeneous dc potential distribution (Fig. 9a) shows that the cur-
rent makes detours and goes around the insulating grain boundaries; the dc resis-
tance is a pure bulk resistance which is influenced by the detours. An increasing fre-
quency leads to a capacitive “opening” of the insulating grain boundaries, current
can pass these boundaries and the current lines change. At high frequencies, the in-
sulating grain boundaries are dielectrically highly conductive and a homogeneous
potential distribution results (Fig. 9b); the corresponding bulk resistance is therefore
that of a single crystal. This frequency dependence of the current lines yields an ad-
ditional arc in the complex impedance plane (Fig. 9¢) but the resistance of this arc
reflects the difference between the dc bulk resistance (including detours) and the high-
frequency bulk resistance (without detours) rather than grain boundary properties.

In such cases the term “grain boundary resistance’ is only meaningful in the
sense that the corresponding resistance is caused by the grain boundaries and would
not exist in a single crystal. However, the apparent grain boundary resistances do
usually not exhibit the temperature dependence of the grain boundary resistivity, but
are influenced or even determined by the temperature dependence of the bulk con-
ductivity [214]. This clearly shows that conventional impedance spectroscopy can be
very misleading if varying grain boundary properties and thus multidimensional,
frequency-dependent current lines are involved. A tool for investigating the homo-
geneity of grain boundary properties of ceramics would therefore often be very
helpful. Localized measurements using microelectrodes can provide such additional
information (Sec. 4.2), and an experimental study on the homogeneity of grain
boundaries in SrTiOj3 is presented in Sec. 6.3.

3.2.2 Highly Conductive Grain Boundaries

A quantitative interpretation of grain boundary contributions to the overall imped-
ance of polycrystals with highly resistive grain boundaries can be problematic (see
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Fig. 9. (a) dc potential distribution (calculated by the finite element method) in a square polycrystal con-
sisting of 10 x 10 grains. One-third of all grain boundaries are completely insulating (grey), while all other
grain boundaries (not shown) exhibit bulk conductivity, and hence are negligible. The voltage drop be-
tween two neighboring equipotential lines is U/100 with U being the applied voltage; the three sketched
current lines indicate the current detours that increase the bulk resistance. (b) Homogeneous potential dis-
tribution at high frequencies (> gpyik/ébuik); (¢) corresponding impedance spectrum.

above), but impedance spectroscopy at least facilitates a separation of bulk effects
and contributions caused by highly resistive grain boundaries. In the case of highly
conductive grain boundaries, however, the situation is even worse. In a simplified
brick layer model, highly conductive grain boundaries parallel to the electrodes do
not represent a significant resistance and can therefore be neglected as long as their
volume fraction is small. The “fast” grain boundaries perpendicular to the electro-
des, on the other hand, substantially contribute to the current flow and have to be
considered (Fig. 10). The grain boundary planes as well as the grain layers can be
represented by RC elements and since these are in parallel a single effective RC ele-
ment is sufficient to describe the polycrystal. Hence, only one relaxation, i.e. one
semicircle, is visible in the impedance spectrum (Fig. 10c) and impedance spec-
troscopy can not be used to distinguish between grain boundary and bulk effects. A
quantitative analysis of the resulting total resistance has been performed in Refs.
[124, 250] and an effective conductivity g according to
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crystal with highly conductive grain boundaries (bold lines) and equivalent circuits of grain boundary (gb)
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g

was derived for samples being much larger than the grain size (L,) and wg, < L.
Therefore, neither bulk nor grain boundary properties can be deduced from the im-
pedance spectrum.

In order to check whether highly conductive grain boundaries exist, one might
compare measurements obtained on a single crystal and on a polycrystal, respec-
tively. However, different preparation procedures (e.g. different impurity levels) can
cause differences even without any highly conductive boundaries. One might also
compare samples with different grain sizes, since they should lead to different effec-
tive conductivities if grain boundaries are highly conductive (Eq. (30)). However,
grain size variations are usually achieved by different preparation conditions, and
hence also other factors such as impurity segregation [128] or density can vary and
impede a quantitative analysis. A very powerful technique to detect and to quanti-
tatively characterize solids with highly conductive grain boundaries makes use of
microelectrodes and is introduced in Sec. 4.3. The method was applied to investigate
polycrystalline AgCl and the corresponding experiments are exemplarily discussed in
Sec. 6.4.

3.3 Electrochemical Processes at Electrodes
3.3.1 Reference Electrodes
Impedance spectroscopy is predestined to separate the contributions of bulk and

electrodes to the overall electrical properties of a solid and can thus be employed to
investigate the kinetics of electrochemical reactions. However, the relaxation fre-
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Fig. 11. (a) Potential distribution in a sample with a quasi-one-dimensional three-electrode configuration
(WE = working electrode, CE = counter-electrode, RE = reference electrode). (b) Calculated potential
distribution for an electrode configuration, which is typical in solid state electrochemistry: the reference
electrode is on the sample surface. For both working and counter-electrodes specific (area-related) re-
sistances of L/apuk (L = sample thickness) are assumed. The voltage drop between two neighboring equi-
potential lines is U/50, with U being the applied voltage. The numbers indicate the potential in fractions of
U. Owing to the different sizes of working and counter-electrode, an unsymmetrical potential distribution
results and the voltage between reference electrode (on potential 0.247 U) and working electrode reflects a
part of the overvoltage of the counter-electrode.

quencies of the processes occurring at the two electrodes are often similar and a sep-
aration of the corresponding electrode impedances is therefore difficult. In principle,
reference electrodes can solve this problem: the voltage is measured between the
working and the reference electrode while the current flows from the working to the
counter-electrode. (In the following we only consider the additional voltage caused
by the current flow and neglect any contribution due to an equilibrium cell voltage.)
In a one-dimensional case (Fig. 11a) the measured voltage is solely determined by the
properties of the working electrode and a residual bulk resistance; impedance spec-
troscopy could therefore be used to separate these two contributions.

In solids, however, reference electrodes are frequently located on the same surface
as working or counter-electrode and multidimensional potential distributions result
(Fig. 11b). These can lead to considerable problems since the voltage between refer-
ence electrode and working electrode might also be influenced by the polarization of
the counter-electrode (Fig. 11b). In other words, the reference electrode ““sees’ a part
of the voltage drop at the counter-electrode and this hinders a proper determination
of the working electrode properties. A detailed analysis of such geometrical effects
has been performed by Reinhardt and Gopel [251]. Further investigations discussing
this phenomenon and/or possible locations and shapes of the electrodes, can be
found in Refs. [252-255]. It should be noted that these problems are caused by the
voltage drop in the bulk and vanish for oy — oo. In liquid electrochemistry, sup-
ported electrolytes can therefore be used to avoid such complications, but in the case
of solid electrolytes sufficiently high ionic conductivities are often difficult to be
achieved. It is also worth mentioning that, owing to the large variety of “solvents”
(i.e. materials), standard reference electrodes such as the calomel electrode in aque-
ous solutions are unknown in solid state electrochemistry. Often identical reference
and working electrodes are used.

Miniaturized working electrodes offer a possibility to cope with these difficulties:
Owing to their much larger electrochemically active areas, macroscopic counter-
electrodes lead to voltage drops which are often negligible compared to the over-
potential of a microelectrode. A reference electrode is therefore not necessary to get
rid of the influence of the counter-electrode. As an example of an electrochemical
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study without reference electrode, LaMnO; microelectrodes have been utilized to
investigate the technologically eminently important oxygen reduction reaction on
ZrO; solid electrolytes (Sec. 6.4).

It can be a further advantage of microelectrodes that they often increase the
electrode resistance to bulk resistance ratio R¢/Rpyk. This is so because R fre-
quently scales with the inverse area of the electrode, whereas the bulk resistance be-
tween a circular microelectrode and a counter-electrode is proportional to the inverse
microelectrode diameter dpe (see Sec. 4.1). Hence Rej/Rpuik oC d;lé results and the
importance of the bulk resistance decreases with decreasing microelectrode diameter.
This is particularly helpful in order to investigate electrode polarization phenomena
below the detection limit in experiments using macroscopic electrodes. (The reduced
importance of the electrolyte resistance is also one of the reasons for ultramicro-
electrodes to be applied in liquid electrochemistry [33, 34].)

3.3.2 Porous Gas Electrodes

Electrochemical reduction and oxidation reactions of gases (e.g. O,, Hy) on oxide ion
conductors are in the focus of many electrode kinetic studies in solid state electro-
chemistry. Since gaseous species have to be supplied to the electrochemically active
sites, mostly porous electrodes are investigated in this context. (It is worth mention-
ing that porous electrodes in liquid [256] and solid state electrochemistry usually be-
have in a different manner, since in liquids pores are filled with electrolyte while on a
solid the pores are mostly gas-filled [257].) In order to quantitatively compare exper-
imental results obtained on different porous electrodes, knowledge of geometrical
parameters such as contact area, surface area and three-phase boundary length is
required. Relations between electrochemical performance and geometrical parame-
ters can also yield important mechanistic information with respect to the reaction
under investigation [160, 161, 185]. The determination of the relevant geometrical
parameters, however, is rather difficult for porous electrodes and it is even more dif-
ficult to vary them in a defined manner. Dense, macroscopic electrode films exhibit a
defined geometry, but they prevent electrochemical reactions at three-phase bounda-
ries and are often no alternative to porous electrodes. Dense microelectrodes com-
bine both aspects: They allow significant reaction rates at three-phase boundaries
and therefore correspond, in a certain sense, to single particles of porous electrodes.
On the other hand, a controlled variation and determination of geometrical parame-
ters is much easier than in the case of porous electrodes.

For this reason, dense microelectrodes can be very useful to perform geometry-
dependent electrode kinetic studies. If, for example, mainly the surface path in-
troduced in Sec. 2.4 contributes to the oxygen reduction reaction on an oxide ion
conducting electrolyte and a charge transfer reaction close to the three-phase
boundary (3PB) is the rate determining step, an electrode resistance proportional to
the inverse 3PB length of the microelectrode should result. If, on the other hand, the
bulk path dominates the oxygen incorporation into the electrolyte and the transport
of oxide ions through the cathode is rate determining, R oC e/ d e’ should be ob-
tained for thin circular microelectrodes of thickness ¢, and diameter d,.. The mi-
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croelectrode experiments presented in Sec. 6.5 demonstrate that geometry-dependent
measurements can really yield valuable mechanistic information with respect to the
oxygen reduction reaction on LaMnO3/YSZ interfaces.

4 Theoretical Aspects of Microelectrode
Experiments in Solid State Ionics

4.1 Investigation of Local Bulk Properties

Electrical bulk properties of ionic solids can be rather inhomogeneous (Sec. 3.1). In
the following it is shown that microelectrodes are a very useful tool to gain spatially
resolved information on the conductivity of such inhomogeneous solids. Let us first
consider the case of a spherical microelectrode (radius rye) atop a sample with
homogeneous bulk conductivity opyk. The bulk resistance R between the micro-
electrode and a hemispherical counter-electrode of radius re (Fig. 12a) can be cal-
culated by integrating the infinitesimal resistances of hemispherical shells according to

O
R = —_———dr 31
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microelectrode
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Fig. 12. (a) Sketch of a cross-section through a sample with a hemispherical microelectrode and a hemi-
spherical counter-electrode. The 75% hemisphere indicates the region in which 75% of the total voltage
drops if a homogeneous conductivity is assumed. (b) Calculated potential distribution in a cross-section of
a homogeneous crystal with a circular microelectrode and a flat counter-electrode. The cross-section
exactly bisects the microelectrode. The voltage drop between two neighboring equipotential lines is U/
20, with U being the applied voltage. The numbers indicate the potential in fractions of U. Sample
size: 17.5d me X 20d me X 25d me.
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with 4(r) = 27r? being the surface area of a hemisphere with radius . Hence

1 rme>
Re—— (g Tme 3
27 me 0 bulk < Tee ( )

results and in the limit of a half-infinite sample (r, — o0) the resistance is given by

1
R=——"——
7d 16T bulk

(33)
with dme = 2rme. Eq. (33) is also a rather good approximation for a non-hemispheri-
cal counter-electrode as long as it is much larger than the microelectrode and suffi-
ciently far away. In the case of a disc-like sample (thickness L > dye) with an ex-
tended electrode on its back, Eq. (33) can therefore be used as well and the bulk
resistance of such a microcontact experiment is independent of the sample thickness.

For a circular microelectrode the calculation of the resistance between the mi-
croelectrode and the counter-electrode is more complicated [48—50], but again a very
simple relation, namely

1

R =
P 2d me0 bulk

(34)

can be deduced for the half-infinite case. Eq. (34) is also valid if a macroscopic
counter-electrode in a large distance to the microelectrode is employed. For both
circular and hemispherical microelectrodes the current is strongly constricted in the
zone close to the microelectrode and the corresponding bulk resistance is therefore
often called constriction or spreading resistance. In the following, the term spreading
resistance (Rgp) is used for the bulk resistance between a circular microelectrode and
a large counter-electrode (Eq. (34)). The extreme current constriction is reflected in a
strong potential drop in the vicinity of the microelectrode (Fig. 12b) and this is also
why location and shape of the counter-electrode essentially play no role.

From Egs. (31) and (32) it can be calculated that 75% of the total resistance be-
tween a hemispherical microelectrode and a counter-electrode comes from a hemi-
sphere with a radius of only 2d,,. and a semi-ellipsoid of a similar size can be defined
for a circular microelectrode [49]. For that reason, the measured resistance reflects
the electrical properties of a very small sample region. Microelectrodes can therefore
serve as local conductivity probes on inhomogeneous solids: as long as conductivity
gradients occur on a much larger length scale than dy. (Vo/o « d.!), the conduc-
tivity in the “75% hemisphere” is almost constant and the local conductivity ob-
tained with circular microelectrodes reads

1

2dmeRopy (35)

Obulk =

The repetition of microelectrode measurements on many different locations yields
conductivity maps of the surface-near regions of inhomogeneous solids. Measure-
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ments along bevels can be performed in order to get depth information and are, for
example, rather common to determine dopant profiles in semiconductor devices
[258-262]. With respect to typical problems in the field of solid state ionics the fol-
lowing aspects should be considered:

i) If the local conductivity gradient is large, the conductivity varies within the
“75% hemisphere”. Hence, again mean conductivity values are obtained, although
averaged over much smaller space regions than in conventional experiments using
macroscopic electrodes. Only in some special cases as e.g. for one-dimensional con-
ductivity gradients, the local values can be recalculated from a measured spreading
resistance profile [258, 260-262].

ii) The assumption that most of the applied potential drops very close to the mi-
croelectrode is not valid if any (hidden) highly resistive regions significantly block the
current on its way to the counter-electrode. It is therefore useful to measure the re-
sistance versus two different counter-electrodes. If identical values are obtained, it is
rather unlikely that hidden highly resistive regions affect the result. It is also possible
to measure between two neighboring microelectrodes to avoid such resistive regions.
If the distance between the two microelectrodes is sufficiently large (>5d ), the total
resistance is almost twice the spreading resistance, i.c.

1
R~ ——. 36
Ame0 bulk ( )

Hence, again local conductivity measurements are possible though with somewhat
less spatial resolution. However, this electrode configuration can cause considerable
artefacts in impedance spectroscopic studies: an “inductive” loop, i.e. a loop in the
positive plane of the imaginary part of the impedance is often observed. This loop
stems from a capacitive coupling between the sample and conductive parts of the
experimental set-up such as sample holder, heating table or shielding box. A thor-
ough discussion of this phenomenon has been performed in Ref. [263]. An increased
distance between sample and conductive surrounding decreases the coupling capaci-
tance and hence reduces this artefact.

iii) If a highly conductive surface layer exists, equipotential planes strongly
flatten [264], and the spreading resistance formula Eq. (34) is no longer valid.
Microelectrodes of different diameters can be employed in order to test the validity
of Roc 1/dpe and thus to check whether highly conductive layers exist. If the bulk
conductivity is known, microelectrode measurements also facilitate a quantitative
determination of the electrical properties of a highly conductive surface layer [264].

iv) Pronounced conductivity variations also occur in composites. Microelec-
trodes can serve as a tool to measure the conductivity of individual particles in such
composites and thus to determine the electrical properties of the constituents. If the
phases exhibit very different conductivities, two microelectrodes atop highly conduc-
tive particles might be required in order to avoid an influence of the low conductive
phase.

v) Microelectrodes can also be favorable to investigate small samples with com-
plicated shapes since the geometrical factor which is required to deduce the conduc-
tivity from the measured resistance is very simple (1/d e for two microelectrodes).
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vi) Microelectrode impedance measurements facilitate a spatially resolved anal-
ysis of the bulk permittivity epux. Analogous to the derivation of Eq. (33), the
capacitance between a hemispherical microelectrode and a hemispherical counter-
electrode can be regarded to be a series connection of thin capacitors with area
A(r) = 2rr? and the total capacitance C is given by

SR
-1 _ L
c _J,m i (37)

For an extended counter-electrode which is far off the hemispherical microelectrode
C = ntd e pulk (38)
results, whereas a circular microelectrode leads to
Copr = 2dme&bulk- (39)

Hence the relaxation frequency of the bulk semicircle (Rspr_l Cspr_l) equals gbulk /Ebulk
and is again geometry-independent. However, stray capacitances can impede the
quantitative determination of local permeabilities, and therefore also of bulk relax-
ation frequencies (Sec. 5).

The extreme current constriction in the vicinity of miniaturized electrodes is also
advantageous for the investigation of partial ionic and electronic conductivities in
mixed conducting ceramics. If selectively blocking microelectrodes are employed to
suppress the dc current flow of one charge carrier (Sec. 3.1.2), the resulting concen-
tration and potential gradients are restricted to the region close to the contact, and
the time to achieve the steady state is orders of magnitude smaller than in conven-
tional measurements [238, 239]. In such Hebb—Wagner experiments with micro-
electrodes, the relation between the differential dc resistance in the steady state and
the partial conductivity of the non-blocked charge carrier is again given by Eq. (33)
(or Eq. (34)) [238, 239] provided the microelectrode is ohmic (reversible) for the non-
blocked particles. With respect to the time-dependent microelectrode resistance R(?),
Wiemhofer and Rickert derived for hemispherical microelectrodes the relation [238]

R() — R(t=0) = (R(t = ) — R(t = 0)) exp(—dme/\/nf)l) (40)
for ¢ > dZ2./D. Time-dependent microelectrode measurements thus also allow a rapid
determination of the chemical diffusion coefficient D of the mobile component (for
examples O in oxides and Ag in silver halides).

4.2 Investigation of “Individual” Highly Resistive Grain Boundaries

4.2.1 Relations Between Impedance Data and Local Properties

The quantitative analysis of conventionally obtained grain boundary impedance data
is problematic if grain boundary properties strongly vary from boundary to bound-
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Fig. 13. (a) Sketch of the microelectrode configuration used to investigate the distribution of grain bound-
ary properties. (b) Typical impedance spectrum calculated for a model sample (inset) consisting of 24 cubic
grains and two microelectrodes on adjacent grains. An equivalent circuit consisting of two serial RC-
elements (inset) can be used to fit the spectrum.

ary (Sec. 3.2.1). However, from an impedance spectrum alone it cannot be judged
how much grain boundary properties vary within the corresponding polycrystal. In
this section, it is demonstrated that electrical measurements between microelectrodes
on adjacent grains (Fig. 13a) can yield information about the distribution of grain
boundary properties. Finite element calculations have been performed to simulate
the impedance of experiments with ohmic (reversible) microelectrodes on adjacent
grains [51, 265]. The corresponding model sample is sketched in Fig. 13b. These cal-
culations revealed that again two semicircles occur in the complex impedance plane
which can, to a first approximation, be described by two serial RC-elements (Fig.
13b). At a first glance one might believe that the low-frequency arc facilitates a
quantification of the electrical properties of the grain boundary between the micro-
electrodes. However, even though such local measurements yield valuable informa-
tion, their quantitative interpretation is more intricate.

Since resistive grain boundaries are dielectrically short-circuited at high frequen-
cies, the high-frequency arc reflects the situation without grain boundaries: R; is
twice the spreading resistance if the distance between the microelectrodes is larger
than 5d.,. and C; approximately corresponds to epukdme, at least for negligible stray
capacitances. The calculations for a hypothetical bigrain experiment (Fig. 14a)
showed that the resistance (R) and the capacitance (C) of the low-frequency semi-
circle are given by

pgb}vgb
Ry~ —=—, 41
T Uy (41)

with py, = o' being the grain boundary resistivity and

Eob A

R =

C, ~ 2207eb (42)
Wb

Hence, values as in a quasi one-dimensional case (electrodes on two sides, Fig. 14b)
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Fig. 14. Hypothetical bi-grain with microelectrodes (a), and square electrodes on the sides (b). (d) Current
density distribution in the grain boundary plane of the 24-grain model sample, and sketch of the grain
boundaries for which the current density distribution is plotted (c). Parameters used in the finite element
calculations: dme = 1/5 Ly, wgy = 1073 Ly, and Peb = 103 pyy for all grain boundaries. The spikes are due
to numerical errors. Owing to computational reasons, the considered plane is not the grain boundary plane
itself, but a plane in a distance of 0.05L, to the grain boundaries.

are obtained. Considering the current density distribution in the grain boundary, this
can be understood: in order to achieve a low grain boundary resistance, the current
uses the entire grain boundary area equally; therefore a homogeneous current density
distribution as for the electrode configuration in Fig. 14b results even for two mi-
croelectrodes. As long as comparably resistive grain boundaries are concerned, R,
and C, are even almost independent of the size and location of the microelectrodes
(also see below).

If, however, a sample consists of more than two grains (Fig. 14c), additional
current paths are opened. Fig. 14d shows the resulting current density distribution in
the marked grain boundary plane if identical properties of all grain boundaries are
assumed. The current density across the grain boundary under investigation is high-
est by far. However, the current across all other grain boundaries in the plane sums
to approximately the same value as for the investigated grain boundary. In other
words, a correction factor /g has to be included into Eq. (41), which takes account of
the current across neighboring grain boundaries and

P gb Wb

Ry=h
2 =R A,

(43)
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Fig. 15. (a) The factor hig versus py,/ppuy for different diameters of the microcontacts indicating the minor
influence of the electrode size. (b) Factor /iy for different locations of the microcontacts.

results. The numerical calculations revealed that s can indeed be interpreted as
the current fraction passing the grain boundary under investigation: a factor iz = %
means that approximately one half of the total current flows across the grain
boundary between the two contacted grains [S1, 265].

For pronounced grain boundary effects ((pg,Wen)/(Pouly) > ~10) hr is quite
independent of the electrode size and location (Fig. 15) and amounts to about 0.435
for the 24-grain sample under investigation. In this sample, an entire grain shell
around the two considered grains is taken into account. It can therefore be expected
that the hg-value is not much enhanced for larger polycrystals and a value of about
0.4 might serve as a reasonable estimate of /g for highly resistive grain boundaries
in samples with cubic-shaped grains and identical grain boundary properties. The
changes of /g for less resistive grain boundaries (Fig. 15) are due to the widening of
the current lines in order to obtain a homogeneous current density across the grain
boundary [51]. This widening yields a resistance increase which influences /4z. How-
ever, compared with the true grain boundary resistance, this effect becomes negligible
for large py,-values.

Similar considerations are valid with respect to the grain boundary capacitance.
Again, a correction factor s takes account of displacement currents across neigh-
boring grain boundaries and

SgbA gb

Cy=he (44)

Web

results. The finite element calculations revealed that /¢ and 1/hg are almost identical
as long as uniform grain boundary properties are assumed and s¢ x 2.5 is a reason-
able estimate for a polycrystal with cubic-shaped grains.

The situation complicates, if arbitrarily shaped grains of different grain size are
considered. A grain boundary between two large grains (compared with all others)
carries much more than 50% of the total current and Az > 0.5 results [51]. The op-
posite is valid if small grains are investigated. Owing to this uncertainty and the
unknown grain boundary area, rather large py,wgp and egp/wgp fluctuations could be
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expected if Eqgs. (43, 44) and constant /g, hc-values are used to quantitatively ana-
lyze the experiments. Therefore, it is sensible to determine a third parameter, namely
the relaxation frequency w, = (R>C>) ™" of the grain boundary semicircle. If uniform
grain boundary properties are assumed, 7z ' ~ h¢ holds, and according to Egs. (43,
44) all unknown factors cancel in the product R,C,. Hence, the relaxation frequency
w, reads

1
) =~
EgbPgb

(45)

and represents a very important parameter with respect to local grain boundary in-
vestigations.

So far only identical grain boundaries have been considered. The usual purpose
of such localized measurements, however, is the investigation of variations of the
grain boundary properties. Numerical calculations showed how the fraction of cur-
rent passing the grain boundary under investigation changes if the corresponding re-
sistivity differs from that of the neighboring grain boundaries. For the case that all
surrounding grain boundaries exhibit resistivity pg,, the current fraction flowing
across the grain boundary under investigation (resistivity pg,;) is displayed in Fig. 16.
The current fraction decreases from one for only slightly blocking boundaries to
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Fig. 16. Current fraction passing the grain boundary under investigation versus normalized resistivity pgp,
of the considered grain boundary. Other parameters: dme = 1/5 Ly, pgpo = 10® ppues wep = 1073 L. The
vertical line indicates the case of uniform grain boundaries, i.e. pg, = bgbz = 10° pyyi. The diagram dem-
onstrates that strongly blocking grain boundaries are by-passed as sketched in the inset. Owing to compu-
tational reasons, the considered plane is not the grain boundary plane itself, but a plane in a distance of
0.05L, to the grain boundaries. Because of this, the current fraction does not converge to zero.
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almost zero for very blocking boundaries. This reveals a general restriction of
“individual” grain boundary measurements in a polycrystal: Boundaries which are
much less blocking than the average lead to rather small low-frequency semicircles
and can therefore be identified. Grain boundaries that are much stronger blocking
than the average, however, are bypassed (Fig.16) and do not lead to correspondingly
large resistances. Hence, measurements of individual grain boundaries by micro-
electrodes “‘see” variations in the direction of less resistive boundaries but are
“blind” with respect to very resistive boundaries.

The capacitance C,, and hence /¢, are almost independent of the distribution of
grain boundary resistivities. This can be understood by taking into account that
capacitive displacement currents do not depend on pgy, but on the permittivity of the
grain boundaries, which is still assumed to be homogeneous. In the case of spatially
varying grain boundary properties, iz ' and /¢ are therefore unequal and the re-
laxation frequency w; = (RzCz)_1 reads (agbpgthhc)_l. However, compared with
R, the relaxation frequency w; is less sensitive to varying shapes and sizes, and for
this reason the distribution of py, is better characterized by w, than by R>. Further
details on these calculations are discussed in Ref. [51].

4.2.2 The Interpretation of “Individual’’ Grain Boundary Measurements

These considerations show that a quantitative determination of individual grain
boundary properties from a single microelectrode measurement is only possible if all
additional pathways are excluded, for example by separating two grains from the
matrix [266]. In a common polycrystal it would be necessary to know the data of all
surrounding grain boundaries in order to correctly determine the parameters of an
individual boundary. Only in few cases such data can be obtained and therefore the
following analysis is proposed: The peak frequency distribution can be used to check
the uniformity of the grain boundary resistivity. If there are only small variations of
3 (say up to about half an order of magnitude), it can be concluded that many grain
boundaries exhibit similar properties and that weakly blocking grain boundaries are
not present. From Eq. (45) an average grain boundary resistivity can be estimated. A
brick layer analysis of a conventional experiment should be reasonable in such cases,
and the locally obtained mean resistivity and the macroscopically determined py,
should therefore differ by less than a factor of 2 or 3. However, it cannot be ruled out
that very blocking grain boundaries exist. A broad distribution of w;, on the other
hand, indicates strongly varying grain boundary resistivities, and hence a brick layer
analysis of a conventional impedance spectrum is not appropriate. A direct relation
of the resistance to a certain grain boundary and thus a quantitative determination of
the resistivity of an individual grain boundary is possible for peak frequencies much
larger than the average: the corresponding grain boundaries are weakly blocking
compared to all others and /g in Eq. (43) becomes =~ 1 (cf. Fig. 16) [51].

In order to determine the grain boundary thickness, C,-values have to be ana-
lyzed according to Eq. (44). As for R,, the specific geometry of the investigated grain
boundary and its surroundings affects the analysis since only estimates of the grain
boundary area and the fo-factor are available. Hence, a relatively broad distribution
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of evaluated apparent wg,-values is to be expected even for a constant grain bound-
ary thickness and only rough estimates of wgp, are possible.

The calculations presented above have also consequences for the analysis of
nonlinear current-voltage characteristics of “individual” grain boundaries in varis-
tors. Varistors (variable resistors) are usually based on ZnO and exhibit a rather ex-
treme current-voltage curve with very large grain boundary resistances at low vol-
tages and a sharp drop of the resistance at a certain threshold voltage [120, 267]. The
low-voltage data obtained across one grain boundary can be expected to be consid-
erably influenced by neighboring grain boundaries. For high voltages, however, the
situation changes considerably: once the resistance of the investigated grain bound-
ary breaks down at the critical voltage, the current mainly flows across this boundary
provided no surrounding grain boundary resistances break down as well. Conse-
quently, the measured breakdown voltage reflects the true breakdown voltage of the
grain boundary under investigation (if electrode and bulk contributions are negligi-
ble). Thus, situations are probable in which the low-voltage I-V characteristics is
determined by neighboring grain boundaries, whereas for high voltages the influence
of the grain boundary under investigation dominates the results.

4.3 Polycrystals with Highly Conductive Grain Boundaries

Conventional impedance spectroscopy does not allow a separation of grain boundary
and bulk contributions in samples with highly conductive grain boundaries (cf. Sec.
3.2). The two microelectrode configurations sketched in Fig. 17a, however, can be
applied 1) to easily check whether highly conductive grain boundaries exist; and ii) to
quantitatively determine the bulk conductivity oy, and the grain boundary conduc-
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Fig. 17. (a) Measurement principle to investigate the bulk conductivity and the grain boundary conduc-
tance of samples with highly conductive grain boundaries. (b) Corresponding model system used for the
numerical finite element calculations. Owing to computational reasons, a highly conductive layer is in-
cluded between counter-electrode and the sample. However, the calculations are not influenced by its con-
ductivity as long as there is no significant potential drop within this region.
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Fig. 18. (a) Calculated impedance spectra for microelectrodes on a grain, and on a grain boundary.
Parameters: dme = 5 pm, L, =25 pum, g = 1072 Q7' em™, gpyx = 1076 Q7' em™, wyp, = 25 nm. (b)
Magnification of the spectrum calculated for a microelectrode on a grain boundary. Ohmic/reversible
electrodes are assumed.

tance f’gb (= gbWep) 1n a polycrystal with highly conductive grain boundaries. In the
following, the basic principles of such investigations are discussed from numerical
calculations on a 60-grain model sample (Fig. 17b).

As shown in Fig. 18, both microelectrode locations (on a grain and on a grain
boundary) lead to one semicircle if ohmic (reversible) electrodes are assumed. How-
ever, if the grain boundary is highly conductive, the resistance obtained by a micro-
electrode on a grain boundary is considerably smaller than that measured with a
microelectrode on a grain. This is because a highly conductive grain boundary short-
circuits the grain bulk and leads to an enhanced current. Hence, such a comparison
can easily prove the existence of highly conductive grain boundaries.

In the quantitative interpretation, the resistance obtained with a microelectrode
atop a grain shall be considered first. Fig. 19a displays a cross section of the potential
distribution obtained for the 60-grain model sample. As in the case of a homoge-
neous material without grain boundaries, most of the voltage drops in a very small
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Fig. 19. (a) Calculated potential distributions in one half of the model sample with highly conductive grain
boundaries for a microelectrode located on a grain. The lines and color jumps indicate equipotential lines,
the voltage drop between two neighboring lines is U/12, with U being the applied voltage. Other parame-
ters: ggp = 10° Gpu, Web = 1073 L,. (b) Resistance (normalized with respect to the spreading resistance)
for a microelectrode on a grain indicating that — despite highly conductive grain boundaries — the resis-
tance is close to the spreading resistance value.

region beneath the microelectrode. Only the outer equipotential lines differ sig-
nificantly from those in a single crystal, indicating that the resistance is mainly de-
termined by the bulk conductivity close to the microelectrode. Therefore the spread-
ing resistance formula Eq. (34) is a rather good approximation in order to quantify
the resistance measured on a grain. According to Fig. 19b, the deviation from Rgp, is
always less than about 15% if the grain size (L,) is five times larger than the contact
diameter (dme). Even for dpn. = 0.4 L, an estimate of the bulk conductivity is possi-
ble with an error of at most 25%. Hence, although some further deviations can be
expected if the electrode is off-center and if grains are not cube shaped, the method
allows a satisfactory calculation of the true bulk conductivity of a grain.

The quantitative analysis of the data obtained on a grain boundary is more
complicated. As shown in Fig. 20a “heart-shaped” equipotential lines result indicat-
ing that within grains current lines are bent in direction of the highly conductive
paths. Since microelectrode diameters (a few pm) are usually considerably larger
than grain boundary thicknesses (typically 1-2 nm core and several nm space charge
thickness) the resistance is not only determined by the grain boundary, but also by
the bulk. Hence, a simple evaluation of the grain boundary conductivity according to
the spreading resistance formula is definitely not sensible. Fig. 20b gives the numeri-
cally calculated relationship between the ratio Rgpr/Rongs on the one hand (Rongh =
resistance measured with a microelectrode on a grain boundary) and the normalized
grain boundary conductance f/gb /Ry ! on the other hand. The spreading resistance
can satisfactorily be approximated by the resistance measured with a microcontact
on a grain Rongrain. Thus, for a given L,/dm. ratio the measured resistance ratio
Rongrain/ Rongb (X Rspr/Rongb) can be unambiguously related to f/'gb / Rspr_1 and the
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Fig. 20. (a) Potential distribution in one
half of a model sample for a micro-
electrode located on a highly conductive
grain boundary. The lines and color
jumps indicate equipotential lines, the
voltage drop between two neighbor-
ing lines is U/12, with U being the ap-
plied voltage. Other parameters: g, =
10° opu, Wep = 103 L,. (b) Ratio of the
ideal spreading resistance to the resis-
tance measured on a grain boundary
versus the normalized grain boundary
conductance for different ratios of
grain size to microelectrode diameter.
The graph allows the determination of
0.1 L 10 100 1000 the grain boundary conductance from
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grain boundary conductance ng can therefore be determined from two microcontact
experiments.

According to Fig. 20b the grain size is of minor importance with respect to the
evaluation of ng. An increase of the grain size L, by e.g. a factor of 7.5 changes
Rspr/Rongb by less than a factor of two in the entire parameter range considered here.
This can be understood from the potential distribution: Although the shapes of the
equipotential lines in a single crystal and for a microcontact on a grain boundary of a
polycrystal differ considerably, the density of potential lines is only slightly affected.
This means that, for an electrode positioned on a grain boundary, again most of the
potential drops within a very small region beneath the contact: For dy. = L,/5
about 90% of the resistance drops along the grain boundary in question.

Owing to this sharp potential drop, the resistances obtained on ‘“‘short” and
“long” grain boundaries are very similar. Consequently, the influence of the detailed
geometry/microstructure on the quantitative analysis is much less pronounced than
one might have expected at a first glance. Hence, an approximate analysis according
to Fig. 20b is also possible for realistic polycrystals. The error owing to different
grain sizes and grain shapes can be expected to be less than about a factor of 2 for
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microcontacts in the range of L,/3...L,/20. Further details with respect to these
calculations are given in Ref. [52].

These considerations showed that the evaluated conductance Yy, is mainly de-
termined by the grain boundary under investigation. Hence, a one-to-one relation
between the locally obtained Rqngp and f’gb of the grain boundary under investiga-
tion is possible, and the spatial distribution of grain boundary properties can be
studied. Adjacent grain boundaries play an important role only if most of them are
much less conductive than the investigated one and thus interrupt the highly con-
ductive current path. In order to check in how far the fast grain boundaries per-
colate, two microelectrodes on one and the same grain boundary can be used. Since
both microelectrodes cause a current constriction, approximately twice the resistance
of a measurement with one microelectrode and an extended counter-electrode can be
expected for percolating grain boundary paths. If the resistance between two micro-
electrodes is not higher but lower than that of a measurement using one micro-
electrode, the grain boundary paths are probably non-percolating. In experiments,
further non-idealities have to be considered such as non-ideal positioning of the mi-
croelectrode on the grain boundary or sloping grain boundaries, but an approximate
analysis according to Fig. 20b is usually expected to be still possible.

Two other applications of this technique should be mentioned: i) In composites
enhanced conductivities along interfaces between different constituents can be inves-
tigated. Such effects play an important role, for example, in heterogeneously doped
solid electrolytes [125, 126]. ii) Microelectrodes can be used to investigate strongly
anisotropic grain boundaries, i.e. grain boundaries which are laterally highly con-
ductive (e.g. due to a highly conductive core), but blocking in perpendicular direction
(e.g. due to a depletion space charge layer) [124] or vice versa. Two microelectrodes
along a single grain boundary can detect the highly conductive parts while two elec-
trodes on neighboring grains can be utilized to measure the blocking characteristics.

4.4 Investigation of Electrochemical Processes at Electrodes

Dense, geometrically well-defined microelectrodes facilitate quantitative geometry-
dependent electrode polarization experiments without a reference electrode (cf. Sec.
3.4). Here two important aspects are discussed that should be taken into account in
the interpretation of impedance measurements using such microelectrodes. Let us
first consider a laterally homogeneous, dense, circular microelectrode. Its local elec-
trochemical properties shall be described by a space-independent, area-related (spe-
cific) resistance R (in © cm?). Such a situation can, for example, be assumed if the
electrode resistance is caused by a space charge layer or an ion transfer across the
entire electrolyte/electrode interface. Using impedance spectroscopy, one can sepa-
rate the effective (i.e. the measured or simulated) dc electrode resistance RET from the
spreading resistance of the bulk Ry, and an effective area-related resistance Rglﬂ ac-
cording to

R = R 4 (46)

can be calculated.
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Fig. 21. (a) Calculated ratio between the effective and true area-related electrode resistance of a micro-
electrode for different normalized effective electrode resistances. For small electrode resistances, the effec-
tive and the true values differ significantly. (b) Local variation of the overvoltage along a microelectrode
for pronounced and small electrode resistances. For pronounced electrode effects, most of the applied
voltage drops at the electrode and a rather homogeneous overvoltage results.

Numerical simulations reveal that this effective value Iégff differs form R, if the
measured (simulated) RS is smaller than Ry, (Fig. 21a). These deviations are con-
nected with the inhomogeneous potential distribution in the vicinity of a micro-
electrode yielding laterally varying electrode overvoltages for small electrode re-
sistances (Fig. 21b). In microelectrode experiments, however, the ratio RS /R, is
often large (cf. Sec. 3.4) and hence Ry ~ ﬁg{{ is usually a reasonable approximation.
In liquid electrochemistry, similar effects are discussed in the context of primary
(Re = 0) and secondary (R > 0) current distributions [268, 269].

On the other hand, even dense, well-defined microelectrodes can exhibit laterally
varying properties since an electrochemical reaction involving a gaseous species is
frequently restricted to a narrow, ring-like region close to the three-phase boundary
(3PB) (cf. surface path of the oxygen reduction reaction in Sec. 2.4). This can yield
serious complications with respect to a quantitative analysis of impedance measure-
ments. Here the considerations are restricted to the simplified case that a ring at the
rim of a circular microelectrode exhibits constant electrochemical properties for the
oxygen reduction reaction, while the inner part of the microelectrode is electrochem-
ically inactive (Fig. 22a). The reaction in this ring is locally taken into account by
a specific (local) impedance 1/ (Iir}ig + iwCing) With Ring (in Q cm?) and Cipg (in
F cm~2) being the area-related resistance and capacitance respectively. The large in-
ner part of the electrode/electrolyte interface is locally described by a specific capac-
itance C;, meaning that this region is blocking for faradic current but permeable for
dielectric displacement currents.

In the dc case, the current has to flow to the electrochemically active sites close to
the 3PB and a considerable current constriction results (Fig. 22b). Hence, the dc re-
sistance consists of the resistance due to the electrochemical reaction and the bulk
resistance, which includes the current constriction in the vicinity of the active ring. At
higher frequencies, the inner part of the microelectrode becomes dielectrically per-
meable and the current flows to the entire microelectrode area (Fig. 22c). In other
words, the current lines in the bulk, and thus the bulk resistance, are frequency-
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Fig. 22. (a) Sketch of a microelectrode with laterally inhomogeneous electrochemical activity (e.g. oxygen
reduction at the three-phase boundary). The black ring indicates the electrochemically active area and can
be represented by a resistive and a capacitive element, whereas the inner part of the electrode behaves
purely capacitive. (In the calculations, local, i.e. specific, parameters rather than Ryng, Ciing and Ciy
are used.) (b) Calculated dc potential distribution in the grey plane of the sketch (a). The voltage drop be-
tween two neighboring equipotential lines is U/50, with U being the applied voltage. The numbers indicate
the potential in fractions of U. Parameters: Rine = 107 Q cm?, gpux = 1072 S ecm™!, dpye = 20 pm,
bring = 20 nm. A significant part of the potential drops in the vicinity of the ring and leads to an additional
resistance Rac. (c) Potential distribution at high frequencies: owing to the capacitive current across the
inner part of the microelectrode, the potential distribution corresponds to the conventional spreading re-
sistance case.

~ =D&

dependent. At high frequencies, the bulk resistance is just the spreading resistance of
the microelectrode, while in the dc case the bulk resistance is increased by an addi-
tional current constriction term Racc.

Numerically calculated impedance spectra (Fig. 23a) reveal that, depending on
the ratio of the nominal capacitances Ciing (:C'ringAring) and Cj, (:C'inAin), two or
three semicircles are visible in the complex Z-plane (4,ing and A, are the areas of the
electrochemically active ring and of the inactive inner disc of diameter dy,. respec-
tively). The possibility of three arcs might be surprising, since only two resistive
mechanisms are involved, namely the transport in the bulk and the electrochemical
reaction. An intuitively constructed equivalent circuit can help to understand this
behavior: The additional bulk resistance due to the low-frequency current constric-
tion near the ring (Racc), as well as the resistance caused by the electrochemical re-
action Ry, can be short-circuited by the capacitance of the electrode/electrolyte in-
terface Cj,. This interface capacitance is therefore in parallel to a series connection
of Racc and the impedance due to the electrode reaction given by Rying, Cring (Fig.
23b). The bulk spreading resistance and spreading capacitance determine the high-
frequency behavior and are in series to these elements. Similar to three serial RC
elements, such a circuit leads to three arcs in the complex impedance plane if
Cin < Ciing [54], even though only two transport mechanisms are included.

Numerical calculations of several impedance spectra confirmed that a fit to
the intuitive circuit (Fig. 23b) really yields sensible approximations to the expected
parameters (cf. Ref. [53]). The circuit can therefore be applied to analyze such
microelectrode experiments and particularly to separate the true electrochemical im-
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Fig. 23. (a) Impedance spectra calculated for the microelectrode sketched in Fig. 22. Parameters: dye =
20 um, bring = 20 M, ok = 1073 S em™!, Ryjpe = 5- 1072 Q em?, Cring = 5000 Ciy (.. Cring » Cin) oOF
C‘ring =50 Cpn (i.e. Cring < Gi). (b) Intuitive equivalent circuit deduced for the inhomogeneous micro-
electrode of Fig. 22.

pedance and the additional bulk resistance Rac.. An analysis in terms of three serial
RC elements, on the other hand, does not lead to fit results that have simple mean-
ings and should therefore be avoided in this case [54]. As predicted by the intuitive
circuit, Ci, > Ciing yields spectra with only two semicircles (Fig. 23a) and the low-
frequency arc then not only includes the electrode polarization resistance, but also
the additional current constriction resistance Ra... This is rather problematic, since
the resistance of the low-frequency arc could easily be interpreted in terms of one
polarization process, although it includes two contributions. Only further partial
pressure, temperature or voltage-dependent measurements together with an appro-
priate model might allow a separation into the two parts.

It is also important to discuss the magnitude of Ra.c compared to Ry,. In Fig. 24,
the ratio Racc/Rspr is shown for some ring widths byn,; in the case of a 20 pm
microelectrode with an active ring of 10 nm, for example, Ra.c and Ry, are almost
identical. The occurrence of R, however, is not necessarily disadvantageous. Its
value could also be used to experimentally determine the effective width of the elec-
trochemically active ring from Fig. 24: if Racc and Ry, are obtained from a fit of the
experimental data to the equivalent circuit in Fig. 23b, the ring width can be calcu-
lated unambiguously. Such an analysis could be extremely valuable, since it allows a
reasonable estimate of the extension of the so-called 3PB region of gas electrodes,
which has been under discussion for many years [148, 158, 163, 185, 270]. Un-
fortunately, a successful analysis of impedance spectra in terms of this width has not
been reported yet.
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5 Experimental Realization of Microelectrode
Measurements

Mainly, two kinds of microelectrodes are used in order to realize local electrical
measurements on ceramics:

i) Lithographic patterning of thin films, which is common to semiconductor
technology, can also be applied to produce microelectrodes on ionic solids. Fig. 25
displays two patterns of microelectrodes established by means of lithographic masks.
Such microelectrodes can, for example, be contacted under the microscope by (com-
mercially available) contact needles having typically a tip radius of 0.5 to 5 um. To
give some examples of electrode materials used so far in solid state ionics: Au and
YBa;Cu30g¢4s on SrTiO3; Au and Al on ZnO; LaMnOj; and Ag on yttria-stabilized
zirconia; Al on BaTiOs; and Ag on AgCl [160, 161, 264, 266, 271-277).

ii) A relatively sharp needle mechanically pressed onto the sample can also be
used as a microelectrode [52, 97, 148, 154, 156, 165, 238, 239, 264, 278-311]. How-
ever, since the actual contact geometry depends on plastic and elastic deformations
of the tip as well as of the sample, an appropriate choice of the tip material and a
“calibration” of the deformations are necessary. Tungsten tips of ca. 5 um tip radius
are, for example, suitable to make reproducible microcontact imprints on AgCl (Fig.
26). A disadvantage of microelectrodes realized by mechanical pressure is their ill-
defined local contact geometry. Even if the diameter of the imprint is known, the
contact probably consists of a number of “nano-contacts”, which is particularly dis-
advantageous if electrochemical processes at three-phase boundaries of gas electrode
are investigated (cf. Sec. 4.4). Bulk conductivity measurements might also be dis-
torted, since the measured resistance includes current constriction effects close to
these established nano-contacts. Hence, it is important to perform calibration ex-
periments on samples with known conductivity in order to check whether correct
spreading resistance values can be obtained.

Two further techniques to realize microelectrodes should be mentioned. Thin
metal wires have been embedded into relatively soft ionic crystals such as AgCl and
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Fig. 25. (a) Sketch of a possible set-up to perform microcontact measurements using one microelectrode
and an extended counter-electrode. The microelectrode is contacted under the microscope by a sharp
needle. (b) Set-up for two microelectrodes. (c) Evaporated Au microelectrodes on SrTiO3 and the needle-
like tungsten tip to contact the electrodes. Such a configuration is used to perform spatially resolved bulk
conductivity measurements (Sec. 6.2). (d) Ag-coated YBa;Cu3Og,s-microelectrodes on a SrTiOs poly-
crystal contacted by two tungsten tips. The corresponding local grain boundary measurements are dis-
cussed in Sec. 6.3.

AgBr by the aid of thermal treatment [312, 313]. These wires can, for example, be
used as local potential probes. Moreover, very fine metal wires have been welded on
oxide surface [314, 315].

In several studies, large contact electrodes at the periphery of a sample have been
used to feed the current. As sketched in Fig. 27, a connection line is deposited in
order to connect microelectrodes and contact electrodes; in some cases the ends of
such thin connection lines are regarded as the microelectrodes. However, such a set-
up can be very problematic since experimental results are, in many cases, determined
by the current between the two large contact electrodes rather than by the current
between the microelectrodes.

This can be understood from the electrode configuration shown in Fig. 27b: ex-
tended electrodes on two sides of a square sample are used as current feed electrodes
and very thin, highly conductive lines connect these contacts and circular micro-
electrodes on top of the sample. In the case of a single crystal, the resistance between
two circular microelectrodes Ry, is given by (opukdme) , Whereas the resistance be-
tween the two contact electrodes reads (obulkh)fl with £ being the sample height. The
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Fig. 26. AFM picture of the imprint of a tungsten needle (7-um tip radius) into a silver chloride single
crystal. The z-axis is over-elevated.

resistance between the microelectrodes therefore typically exceeds the resistance be-
tween the current feed electrodes by one to three orders of magnitude. Since the total
resistance is to a good approximation given by a parallel connection of both con-
tributions, a total bulk resistance R according to

1

R—— 47
abulk(dme + h) ( )

connection line

o0

Fig. 27. (a) Electrode configuration frequently used to perform microelectrode measurements. The end of
the connection line represents the microelectrode. However, if the sample surface and the contact electro-
des for current feed are not separated by an insulator, such a set-up often measures the overall properties
between the contact electrodes rather than the local properties. (b) Sketch of a model sample with extended
contact electrodes, very thin highly conductive connection lines, and circular microelectrodes.
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results, which is almost identical to the bulk resistance between the large electrodes.
Thus, most of the current flows between the contact electrodes and local con-
ductivities cannot be deduced from such measurements.

For a polycrystalline sample with highly resistive, identical grain boundaries the
situation is very similar. The grain boundary resistance between the two micro-
electrodes on adjacent grains Ryp me 1s — for identical grain boundaries — approxi-
mately given by

O.4ng

Rgb7 me ~ (48)

2
O'gbLg

(cf. Sec. 4.2), whereas the grain boundary resistance between the two contacts Ry, ¢
reads

Weab
Rop. o ® £
gb,c .
ngLg/l

(49)

Thus, a resistance ratio Rgp me/Reb,c = 0.41/L, results, and the measured grain
boundary resistance is usually again determined by the grain boundary resistance
between the two large contacts. (For the sake of clarity, the grains in Fig. 27b are
unrealistically large.) Measurements using electrode configurations similar to that
sketched in Fig. 27 are thus mostly macroscopic and lead to resistance and capaci-
tance values typical for conventional impedance experiments; true microelectrode
measurements yield much higher resistances and much lower capacitances.

If, however, the grain boundary between the microelectrodes is considerably less
resistive than all others, correct results may be obtained even for electrode config-
urations similar to those in Fig. 27. For example, this can be the case if a voltage
above the threshold voltage of a ZnO varistor grain boundary is applied. The resis-
tance of the grain boundary between the microelectrodes then breaks down, while all
other grain boundaries remain highly resistive.

Contact electrodes insulated from the sample prevent a dc current between the
current feed electrodes and therefore also facilitate reasonable dc microelectrode
measurements. However, in this case, impedance measurements can be impeded by
capacitive currents across the insulation layer between the large contacts and the
sample.

An experimental problem may arise with respect to the absolute value of im-
pedances/resistances to be measured in microelectrode studies. Bulk conductivities
<107* S em™! are often met in experiments on ionic solids. In conventional mea-
surements using macroscopic electrodes, this leads to bulk resistances of the order
of kQ-MQ. For microelectrodes, however, resistances are orders of magnitude
higher. According to the spreading resistance formula Eq. (34), a bulk conductivity
of 107¢ S cm™!, measured by a 5-um microelectrode, already yields 1000 MQ.
Therefore, high impedance converters are often required to conduct microelectrode
impedance experiments.
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Fig. 28. (a) Sketch of current lines of the dielectric displacement current between a contact needle and a
counter-electrode indicating the influence of the stray capacitance. (b) Equivalent circuit (including the
stray capacitance) representing microelectrode measurements on single crystals and the two simplified sub-
cases for ohmic and non-ohmic microelectrodes.

Lastly, a remark concerning the lower limit of microelectrode diameters. By
means of lithographic techniques it is certainly possible to prepare microelectrodes
with diameters below 1-2 pm. The contacting procedure might be difficult under an
optical microscope, but could work in atomic-force or scanning-tunneling micro-
scopes (AFM/STM). However, dielectric displacement currents between unshielded
parts of the contact needle and the counter electrode (Fig. 28a), or between two
unshielded contact tips, can hinder reasonable impedance measurements with sub-
micron microelectrodes: the corresponding stray capacitance is in parallel to the im-
pedance of the sample, and for a single crystal the circuit sketched in Fig. 28b results.
For the sake of simplicity, the microelectrode impedance is represented by an ideal
RC element. If ohmic/reversible microelectrodes are used, the circuit reduces to a
single RC element with C being mainly determined by the stray capacitance, since
typical spreading capacitances for dm < 1 um amount to less than one fF, whereas
typical stray capacitances are of the order of several 10 fF. The resistance still rep-
resents the correct bulk spreading resistance and at least correct bulk conductivities
can be obtained from such measurements. However, if non-ohmic electrodes are used
and Cyray » Cq, the equivalent circuit reduces to one RC element with R being
Ryux + R and hence a separation into bulk and electrode properties by impedance
spectroscopy fails. Even if a very accurate open-circuit calibration (+ few fF) of
the stray capacitance is performed, microelectrodes >100 nm are required to separate
the impedance of the bulk and of typical electrode capacitances (Ce/A of a few
uF ¢cm™2). In other words, the use of nanoelectrodes to quantitatively investigate
local conductivities in ionic solids is restricted to cases for which reversible/ohmic
nanoelectrodes can be found.
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6 Examples of Microelectrode Measurements
in Solid State Ionics

6.1 Overview

1) Spatially resolved measurements of bulk properties. Two microelectrode studies in
solid state ionics deal with spatially resolved bulk conductivity measurements: firstly,
the inhomogeneous conductivity caused by a dopant (Cd**) profile was measured
in AgCl and yielded the diffusion coefficient of Cd** [278]; secondly, local micro-
electrode measurements were conducted on SrTiOj to investigate stoichiometry po-
larization phenomena under high-field stress [273]. The latter experiments are dis-
cussed in more detail in Sec. 6.2. In several further studies, microelectrodes served as
potential probes to determine the spatial distribution of the electrochemical potential
of electrons and ions in ionic solids [308, 309, 311-313, 316]. Thin Pt wires embedded
in the sample were, for example, used to investigate the local chemical potential of
silver in silver halides during Hebb—Wagner experiments [311, 313, 316]; from the
measured profile the relationship between the electronic conductivity and the silver
activity was calculated. Ag wires embedded in silver halide crystals allowed the deter-
mination of local electrochemical potentials of Ag™ ions [312, 313]. Tonically conduct-
ing microelectrodes consisting of AgBr [309] or Agl [308] were employed to examine
the local electrochemical potential of Agt in Ag,S samples exposed to a temperature
gradient [308] and to a dc voltage [309]. Furthermore, Pt microelectrodes revealed
the spatial distribution of the electrochemical potential of electrons in Ag,S under
the Soret stationary conditions [308].

i) Highly resistive grain boundaries. Several experiments were performed in order
to understand the conduction mechanism in ZnO-based varistors. In particular the
breakdown voltages of grain boundaries were investigated by means of micro-
electrodes on adjacent grains. These studies showed that the varistor effect is a grain
boundary effect and that the breakdown voltage of single grain boundaries is usually
between 3 and 4 V [244, 266, 267, 274, 276, 314, 317]. By examining an ultrasonically
isolated bigrain, even the influence of neighboring grain boundaries could be ex-
cluded [266]. It has been reported that some grain boundaries do not exhibit a varis-
tor-like behavior and that the varying grain boundary properties can be correlated to
the bismuth content in the core [244, 276, 281, 314, 317, 318]. Microelectrode meas-
urements on BaTiO; showed that the PTC (positive temperature coefficient) effect
mainly originates from the grain boundary [275, 315], though bulk properties possi-
bly also contribute to the global PTC behavior [277]. Tungsten microelectrodes that
were mechanically pressed into the sample could be used as potential probes in four-
point measurements on Mn—Zn ferrites [310]. These revealed the potential drops
across grain boundaries. Impedance spectroscopy was applied to investigate the dis-
tribution of grain boundary properties in Fe-doped SrTiOs [51, 271]; it was demon-
strated that a brick layer analysis is reasonable in this material. These measurements
are presented in Sec. 6.3. In most of the abovementioned experiments, evaporated
microelectrodes were used. Several studies on the properties of highly resistive grain
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boundaries suffer from the fact that large current feed electrodes were used; these can
strongly influence the experimental results (cf. Sec. 5).

iii) Highly conductive interfaces. Microelectrodes were also applied to study
highly conductive grain boundaries in polycrystalline silver halides [52, 265, 279,
280]. In Ref. [52] the basic principles of such measurements have been developed and
the applicability of the method has been demonstrated for the case of polycrystalline
AgCl. Temperature-dependent measurements on AgCl and AgBr [279, 280] yielded
further information on the grain boundary properties and showed that a brick layer
model for highly conductive grain boundaries correctly predicts the overall conduc-
tivity of silver halide polycrystals. Highly conductive surface layers were also studied
by means of microelectrodes: In Ref. [264] it is shown how microelectrodes with dif-
ferent diameters can be used to determine the thickness and the conductivity of
a highly conductive surface layer on polished AgCl single crystals. Moreover, the
enormous sensitivity of microelectrodes with respect to highly conductive surface
layers was used to investigate the gas-solid interaction of NHj; and AgCl: an en-
hanced surface conductance could be observed on AgCl exposed to ammonia [319].
In these studies, microelectrodes were mostly realized by silver-coated tungsten
needles that were mechanically pressed onto the sample’s surface.

iv) Electrochemical processes at electrodes. Several publications deal with the
electrode kinetics on miniaturized gas electrodes [148, 154, 156, 160, 161, 185, 282—
296]. Owing to its relevance in solid-oxide fuel cells, the oxygen reduction reaction
on yttria-doped zirconia has been investigated in particular [148, 154, 156, 160, 161,
165, 185, 282-285, 288, 290]. In most cases, pointed ceramic crystals (doped
LaMnOs3, LaCrO; and LaFeO;) or metal wires (Pt, Ag, Au) were pressed onto the
zirconia sample. In Ref. [284] a systematic comparison of several microelectrode
materials is shown: Ag electrodes turned out to exhibit the lowest electrode geometry-
related resistance. The microelectrode diameter was determined from the known
ionic conductivity of zirconia and the measured bulk resistance (Eq. (34)). From
partial pressure, bias, and geometry-dependent experiments on LaMnQOj; micro-
electrodes it has been concluded that probably both the bulk and the surface path
can play a role for the oxygen reduction reaction on LaMnO; cathodes [148, 165].
An activation of LaMnOj electrodes by cathodic and anodic polarization has been
reported in Ref. [156]. Experiments on Pt-microelectrodes revealed current-induced
changes in the surface structure of the Pt/ZrO, interface [288]; this changing mor-
phology can also affect the corresponding electrochemical properties [290]. Similar
effects might influence the performance of a Ni/H, microelectrode on doped zirconia
[287]. Electrode kinetic studies on the anodic H, oxidation on proton conducting
oxides (doped SrCeOs; and SrZrO;) can be found in Refs. [286, 289, 292-294]; in
these measurements again pointed metal electrodes (Ni, Ag, Au, Pt) served as
microelectrodes. The advantage of such pressed microcontacts is certainly their rela-
tively simple experimental realization, the possibility of measurements without refer-
ence electrodes, and the chance to subsequently perform several measurements on
one and the same sample. However, owing to nanopores and nanocontacts along the
electrode/electrolyte interface, an exact determination of the established contact area,
as well as of the three-phase boundary length, is problematic. In very few studies,
geometrically well-defined microelectrodes were therefore employed: droplets of Ag
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solidified on a zirconia surface exhibited a rather defined contact geometry and were
utilized to determine the geometry dependence of the electrode resistance of silver
electrodes [185]; moreover, electrochemical investigations on dense, circular LaMnOs
microelectrodes of 20-200 pm diameter have been discussed in Refs. [160, 161]. The
latter experiments are presented in Sec. 6.4 in more detail.

v) Partial conductivities and diffusion coefficients in mixed ionic and electronic
conducting ceramics. The chemical diffusion coefficient of Cu was detected in Cu,S
and Cu,Se by means of Pt microelectrodes [238, 300, 307]. Similar investigations on
CulnS; and CulnSe; using Pt or Au microelectrodes yielded diffusion coefficients of
Cu, as well as information on a change from p- to n-type conduction with increasing
Cu concentration [302, 303, 320]. Ion-blocking Pt microelectrodes were also applied
in order to investigate the ionic conductivity and the stability behavior of Ag;S and
Cu,S [238, 239, 299]. Moreover, encapsulated Pt-microelectrodes enabled the deter-
mination of the electronic conductivity of doped CeO, [97, 306]. lon-conducting
microelectrodes consisting of Y-doped zirconia were employed to block the elec-
tronic conduction (as well as the proton conduction); the oxide-ion conductivity of
several ceramics (doped LaCoQOj3, BaCeO3, YBa,;Cu304.5) could thus be obtained as
a function of the oxygen activity [297, 298, 301, 304, 305, 320]. In these studies,
microelectrodes were mechanically pressed onto the sample and the diameter of the
micro-contact was determined either by measuring the size of the imprint or from
Eq. (33), if the bulk conductivity could be obtained from a separate experiment.

A few further applications of microelectrodes in solid state ionics are worthy of
mention: Microelectrodes are used to investigate the deposition process of silver on
mechanically pre-structured (i.e. scratched) AgCl surfaces [321]. The silver deposits
turned out to grow preferentially in or along such prestructured tracks. This aligned
deposition could be used to electromechanically write miniaturized silver structures
on crystalline electrolytes. M-B”-Al,03; microelectrodes have been employed to
locally dope ionic solids by means of charge transport in an electrical field [322]; and
a Pt-tip microelectrode has been used to investigate the Li-ion extraction and inser-
tion behavior of a micrometer-sized LiMn, Oy single crystal [323].

In the following, four examples of quantitative microelectrode measurements
are discussed in more detail. Each reflects a typical field of solid state ionics (non-
stoichiometry, highly resistive grain boundaries, highly conductive interface, eclec-
trode reactions) and thus provides evidence for the vast potential of microelectrodes
in solid state electrochemistry.

6.2 Stoichiometry Profiles in SrTiO3 after High DC Field Stress

6.2.1 Definition of the Problem

Perovskite-type titanates (e.g. SrTiOs, BaTiO3) constitute an important class of elec-
troceramic materials and are, for example, used in PTC (positive temperature coeffi-
cient) resistors, capacitors, varistors or sensors [324-326]. A degradation process that
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Fig. 29. Sketch to illustrate the defect motion in acceptor-doped SrTiO3 during high field stress. The oxy-
gen vacancies are blocked at the electrodes and therefore accumulate at the cathode, but deplete at the
anode. Electrons and holes can pass the electrodes.

occurs particularly in dielectric applications of such titanates is so-called resistance
degradation, which is characterized by a slow increase in the leakage current under
dc field stress [327-335]. It is also referred to frequently as electrocoloration, as it can
be accompanied by the movement of a dark color front from the anode and a light
colored front from the cathode into the sample. In Refs. [328-330] it has been dem-
onstrated that a model based on the assumption of field-induced stoichiometry gra-
dients can explain all the experimental observations with respect to the time, field
and temperature dependences of the leakage current: In acceptor-doped SrTiOs;, for
example, oxygen vacancies, electrons and holes are mobile charge carriers. The
model only assumes that oxygen vacancies are blocked at the SrTiOs/electrode
interface while the additional resistance due to the transfer of electrons and holes
across this interface is low. After applying an electrical field, all mobile charge
carriers begin to move. Owing to the blocked oxygen exchange reaction at the elec-
trodes, oxygen vacancies accumulate at the cathode and deplete at the anode (Fig.
29) leading to a pronounced vacancy concentration profile (stoichiometry polariza-
tion, Hebb—Wagner experiment; cf. Sec. 3.1.2). The spatially varying vacancy con-
centration also causes variations of the electron and hole concentrations in the entire
sample (cf. Fig. 2b). The resulting space- and time-dependent conductivity varia-
tions, finally, lead to an increase of the leakage current, and thus to the observed re-
sistance degradation.

When the electrical field is switched off, the composition gradient relaxes due
to diffusion processes. However, low diffusion coefficients can lead to a very slow
equilibration, and hence distinct conductivity variations can be expected in SrTiO3 or
BaTiOs3, not only during but also after high field stress. A detection of these con-
ductivity profiles would directly confirm the assumed stoichiometry polarization. In
the following, spatially resolved microelectrode measurements are presented that
allow such a test of the theory of resistance degradation on Fe-doped SrTiOj3 single
crystals and polycrystals.
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Fig. 30. (a) Impedance spectrum measured with a Au microelectrode (d e = 20 um) on a Fe-doped SrTiOs
single crystal. The arc represents the bulk properties. The rather high impedances are measured by means
of a home-made impedance converter. (b) The applicability of microcontact impedance spectroscopy on
SrTiO; is evidenced by the agreement of the bulk conductivity oy, obtained by measurements with mac-
roscopic electrodes and microelectrodes on a homogeneous crystal.

6.2.2 Bulk Conductivities in SrTiO3; Measured by Means of Microelectrodes

Firstly, it has to be excluded that highly conductive surface layers influence the re-
sults. Conductivities obtained by microelectrodes and by conventional macroscopic
electrodes have therefore been compared for a nominally homogeneous Fe-doped
SrTiO; single crystal. A lithographic lift-off process was used to prepare circular mi-
croelectrodes (ca. 15 ... 220 pm in diameter) from an evaporated 20 nm Cr/200 nm
Au film. Impedance spectra were measured between microelectrodes and an extended
Au counter-electrode (Fig. 30a) and between two macroscopic electrodes. Both the
microscopic and the macroscopic bulk resistances are gained from the corresponding
high-frequency semicircle of the impedance spectra and temperature-dependent bulk
conductivities have been calculated (Fig. 30b). In the entire temperature range, the
agreement between the two values is satisfactory. Moreover, within the accuracy of
the microelectrode measurement (resistance variation for different contacts of identi-
cal size is about 15%), the bulk resistance is inversely proportional to dpe (Fig. 31a)
as predicted by Eq. (34). This proves that enhanced surface conductivities do not
distort the results and that microcontact impedance spectroscopy can be applied to
SrTiO;3 in order to obtain local conductivity data. The linear relation between d e
and the measured capacitance could also be confirmed with a capacitance offset of
ca. 250 fF for d,e — 0 due to stray capacitances (Fig. 31b).

6.2.3 Conductivity Profiles in SrTiO; Single Crystals after High Field Stress

The electrocoloration (high-field stress) experiments were performed on Fe-doped
SrTiO; single crystals (0.22 mol % Fe). Circular microelectrodes (10 pm in diameter
and 20 or 30 pum in distance) were again prepared by a lithographic lift-off process
from an evaporated 20 nm Cr/200 nm Au film. Two further Cr/Au electrode stripes
were used to achieve the resistance degradation (see Fig. 32a). At 493 K, an electrical
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Fig. 31. (a) Resistance and (b) capacitance of the high frequency semicircle measured on SrTiO; with
microelectrodes of different diameter (7" = 473 K).

field was applied between the two stripe electrodes, which leads to a significant
movement of a dark color front from the anode and a light color front from the
cathode into the sample. After disconnecting the stripe electrodes, the conductivity
distribution was determined at ca. 415 K or 473 K by subsequently contacting all
microelectrodes in a line with a tungsten tip and measuring the impedance spec-
tra between the microelectrode and a counter-electrode (Fig. 32b). As a counter-
electrode, a Cr/Au electrode on the backside, or one of the stripe electrodes, was
used. The local conductivities measured were independent of the location of the
counter-electrode.

Before a large dc field was applied to a single crystal, a homogeneous conduc-
tivity could be detected [273]. After a high field stress (10° V cm™! for 90 minutes),
however, a distinct conductivity profile has developed in the sample (Fig. 33a). It
consists of four characteristic regions: i) an enhanced conductivity region at the
anode with a relatively smooth drop towards the center of the sample; ii) a sharp

AR T

Fig. 32. Sketches of the electrode geometries used (a) for the electrocoloration of the SrTiO; sample and
(b) for the microcontact impedance measurements to determine the local conductivity distribution. The
sketch does not give the true scale; the number of microelectrodes is much larger than shown.
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Fig. 33. (a) Conductivity profile in a Fe-doped SrTiO; single crystal obtained at 417 K after electro-
coloration with Au electrodes (E = 10° V cm™! at 493 K for 90 min). (b) Profile after subsequent anneal-
ing at about 613 K for two hours; profiling temperature: 417 K.

conductivity minimum; iii) a plateau exhibiting the conductivity of the sample before
the high field stress; and iv) a sharp conductivity increase close to the cathode. This
profile corresponds to a situation in which the leakage current is already enhanced,
though the steady state has not been reached yet. Temperature-dependent measure-
ments of the conductivity distribution demonstrate that the conductivity minimum
is much less pronounced for higher temperatures. The profiles did not significantly
change during their measurement. However, a conductivity measurement after an-
nealing the sample at higher temperatures (two hours at ~#613 K) and subsequent
cooling to the profiling temperature revealed a relaxation of the profile (Fig. 33b):
the cathodic conductivity enhancement vanished, the anodic enhancement decreased
and the minimum moved towards the anode by ca. 1 mm.

6.2.4 Comparison with Theory

The conductivity variations due to resistance degradation were numerically simu-
lated in order to check whether the main qualities of the experimentally observed
profiles correspond to the theoretically predicted ones. A more detailed description of
the calculation procedure is given in Refs. [273, 330, 336, 337]. The calculated con-
centration distribution of oxygen vacancies for the experimental parameters used in
the measurements is shown in Fig. 34a. Obviously, a strong depletion of oxygen
vacancies, and thus an enhanced hole concentration in the anodic region (partial
oxidation of the sample), can be expected (cf. Fig. 2b). At the cathode the oxygen
vacancy concentration is enhanced (partial reduction of the sample), which leads to
an enhanced electron concentration. These concentration distributions of electrons,
holes and vacancies yield a very characteristic total conductivity distribution, which
is shown in Fig. 34b. Again, four different regimes occur: i) a conductivity enhance-
ment at the anode; ii) a sharp minimum; iii) a plateau; and iv) a conductivity en-
hancement at the cathode. It is worth stressing that different parts of the sample even
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Fig. 34. (a) Calculated vacancy concentration at 417 K after high field stress (E = 10> V cm™! at 493 K for
90 min) of a Fe-doped SrTiOs single crystal. (b) Corresponding calculated conductivity profile at 417 K.
The regions of predominant hole, vacancy, and electron conduction are indicated.

exhibit different conduction mechanisms: in the anodic region holes dominate the
conduction, the mechanism changes at the minimum to ionic oxygen vacancy con-
duction, and the cathodic conductivity enhancement is due to electron conduction.
The calculated depth of the conductivity minimum is temperature-dependent and
decreases with increasing temperature.

There is a striking similarity between the experimentally observed and the theo-
retically calculated profiles, and all four characteristic features occur in both. The
calculated location of the minimum, which mainly depends on the vacancy mobility,
is close to the location observed in the experiment. The computed temperature de-
pendence of the depth of the minimum corresponds with the results of the measure-
ment. Obviously, the stoichiometry polarization model of resistance degradation
correctly predicts the conductivity variations. In particular the almost quantitative
agreement of the very characteristic shape of the conductivity distribution proves the
validity of the existing model described above. It should be noted that in the calcu-
lations only the hole mobility is chosen such that the theoretically and the experi-
mentally observed depth of the minimum is similar, but all other parameters used in
the simulation are taken from literature [77, 336, 338].

The profiles can be regarded as frozen-in at the profiling temperatures, since the
diffusion length of oxygen during the conductivity measurements is less than 20 pm
[339]. However, the oxygen vacancy profile in an electrocolored sample should
equilibrate at higher temperatures [328], leading to a shift of the sharp oxygen va-
cancy front. Assuming the oxygen vacancy front diffuses with the chemical diffusion
coefficient of oxygen D, a movement of this front by 0.5 mm can be estimated via
2v/Dt (D ~10"7 em2s~! at 613 K [339] and ¢ = 120 minutes). Hence, after the an-
nealing the conductivity minimum should have moved by about 0.5 mm. This differs
only by a factor of about 2 from the experimentally obtained distance. Taking into
account the error bar of the literature value of D, and that diffusion processes during
heating to the annealing temperature also play a role, this is again a satisfactory
agreement. In summary, all measurements confirm the stoichiometry polarization
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model of dc electrical degradation (electrocoloration) of electroceramics. A more
detailed discussion of these experiments is given in Refs. [273, 337].

6.2.5 Conductivity Profiles in Polycrystals

Conductivity distributions obtained after electrocoloration of polycrystalline SrTiO;
samples (0.2 mol % Fe-doped) exhibit a larger scatter compared to profiles in single
crystals, but again a cathodic and an anodic conductivity increase can be measured
[273]. Experiments with a higher spatial resolution revealed that there is not only an
overall profile in the entire sample but also frequently conductivity peaks close to
grain boundaries (Fig. 35). Particularly in large grains pronounced subprofiles with
an enhanced conductivity close to the grain boundaries were observed.

In this case, a quantitative discussion of the measured conductivity distribution is
complicated. It is known that grain boundaries in Fe-doped SrTiO; exhibit space
charge layers with decreased oxygen vacancy concentration [246, 247, 340, 341],
which hinders the transport of oxygen vacancies through the boundary. Simplified
calculations using a fixed transfer factor for ionic defects at grain boundaries [330]
revealed that in polycrystalline samples the overall profile should be modified such
that close to grain boundaries the conductivity exhibits maxima (a saw tooth profile).
This is again in accordance with the experimentally observed conductivity distribu-
tions and therefore supports the assumption that grain boundaries hinder the oxygen
vacancy transport and slow down the electrocoloration process. In other words, the
profiles measured in single grains reflect the pile-up of vacancies on one side of a
grain, and their depletion on the other. However, since considerable conductivity
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gradients can be expected within single grains, the conductivity values shown in
Fig. 35 definitely suffer from averaging effects.

6.2.6 Effect of the Electrode Material

Electrocoloration in SrTiO; and BaTiO3; has been observed for different electrode
materials (Al [331], Ag[329, 334], Au [273, 328] and Pt [329]); hence, all these metals
have been assumed to be almost completely inactive with respect to the oxygen ex-
change at the oxide/electrode interface. On the other hand, on ZrO, or CeO; silver
electrodes turned out to be much less blocking with respect to the electrochemical
oxygen reduction reaction than gold electrodes [183, 184, 284]. Hence, one may ex-
pect that the shape of the stoichiometry and conductivity profiles inside the samples
also depends on the kind of electrodes used. In order to investigate the effect of the
electrode material on the electrocoloration process, conductivity profiles have also
been studied for electrocoloration electrodes consisting of a 150 nm silver layer (with
a 15 nm adhesion layer of Cr) [342].

Fig. 36 shows the corresponding conductivity profile in a Fe-doped SrTiOj; single
crystal obtained after electrocoloration with a silver electrode (103 V cm™! for 90
min. at 493K). In contrast to gold electrodes, an enhanced conductivity could only
be measured close to the electrocoloration anode. Finite difference calculations re-
vealed that for partially permeable electrodes the cathodic conductivity enhancement
can almost vanish, whereas the anodic enhancement only slightly decreases [342].
This corresponds to the measured data and supports the assumption that Ag/Cr
electrodes, though leading to an electrocoloration and a conductivity enhancement at
the anode, are far from being completely ionically blocking. This interpretation is
supported by additional SIMS experiments performed after electrocoloration in an
180, atmosphere, which also yielded an enhanced oxygen incorporation rate at the
Ag/Cr electrodes on SrTiO; [342].
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In summary, all these local measurements demonstrate the power of micro-
electrodes i) to determine local bulk conductivities in ionic solids; and ii) to study
an important phenomenon in solid state ionics, namely the occurrence of non-
stoichiometry profiles in mixed conducting solids.

6.3 Highly Resistive Grain Boundaries in SrTiO;
6.3.1 Definition of the Problem and Experimental Details

A quantitative analysis of grain boundary impedances measured with macroscopic
electrodes can be rather problematic if grain boundary properties vary from bound-
ary to boundary (cf. Sec. 3.2). Hence, additional information on the distribution of
grain boundary resistivities is often desired. Microelectrode measurements can yield
such additional information (Sec. 4.2) and below a microcontact impedance spec-
troscopic study of grain boundaries in a polycrystal is exemplarily presented. The
material of choice is again SrTiO; (0.2 mol % Fe-doped), which represents a model
material for the technologically highly important class of perovskite-type titanates
(see also above).

The microelectrodes applied in this study (dpe =20 pm) consisted of
YBa;Cu30¢,5 (150 nm) covered with a thin Ag layer (50 nm). The electrodes were
contacted by two tungsten tips (1 um tip radius) positioned by micromanipulators
(Fig. 25b and d). The YBa;Cu3Og, s electrodes turned out to be ohmic [343], i.e. a
measurement with two electrodes in one grain yields only one, namely the bulk
semicircle in the complex impedance plane (Fig. 37a). A measurement across a grain
boundary, on the other hand, results in two arcs (Fig. 37b). The high-frequency arc
of such a spectrum reflects the bulk properties according to Eq. (36), whereas the
second arc (characterized by R, and () is due to the grain boundaries. The re-
laxation frequency of the grain boundary arc w, was obtained from R, and C, via
wy = (R2G,)~". Further details on the determination of R, and C, are given in Ref.
[271].

It is worth mentioning that the spectra measured with two microelectrodes on
adjacent grains can exhibit artefacts that deserve attention (Fig. 37c, d): i) Most
high-frequency arcs are not ideal semicircles, but exhibit a kind of a loop. The size of
the loop, and hence the deviation from an ideal bulk semicircle, depends on the size
of the metallic heating table and on the distance between sample and heating table.
Such loops have already been mentioned in Sec. 4.1 and are connected with the
capacitive coupling of contact tips and electrodes to the ground, i.c. to the heating
table in this case [263, 271]. ii) A more or less pronounced shoulder can appear at the
high-frequency side of the grain boundary arc. This shoulder is caused by a widening
of the current lines in the grain in order to achieve a homogeneous current density
across the entire grain boundary area. This phenomenon has been discussed in more
detail in Ref. [271]. Since the shoulder reflects a current detour in the bulk rather
than grain boundary properties, all grain boundary arcs exhibiting such a feature
were fitted with two serial RC elements, but only the always much larger low-
frequency part is discussed in terms of grain boundary properties.
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Fig. 37. Impedance spectra obtained by means of microelectrodes on a Fe-doped SrTiOs polycrystal at
585 K. (a) Spectrum measured with microelectrodes on one and the same grain demonstrating that only a
bulk semicircle occurs. (b) Spectrum measured across a grain boundary. (c) Spectrum measured across
another grain boundary; there is a pronounced shoulder at the high frequency part of the grain boundary
arc. (d) Bulk arc of spectrum (c) indicating the loop due to capacitive coupling to the ground.

6.3.2 Distribution of Grain Boundary Properties

About 30 “individual” grain boundaries, i.e. 30 different electrode configurations
were investigated by microcontact impedance spectroscopy. The resulting histograms
of the resistance, capacitance and relaxation frequency obtained from an equivalent
circuit fit of the low-frequency arc are shown in Fig. 38. For comparison, a conven-
tional (macroscopic) impedance measurement was performed on an identically pre-
pared sample. The relaxation frequency of the grain boundary semicircle is indicated
in Fig. 38c by a solid line.

Several conclusions can now be drawn from the experimentally observed his-
tograms. As expected (cf. Sec. 4.2), the relaxation frequency distribution is con-
siderably smaller than the resistance distribution and a fit to a Gauss function
(oc exp(—0.5(log(ws) — log(ws*))?/7%)) leads to a logarithmic half width y of about
0.2 and a mean value w;* of 3.0 Hz. Hence, the half-width of the grain boundary
resistivity can be estimated to be less than half an order of magnitude, provided the
permittivity &g, is constant for all boundaries (cf. Eq. (45)). Taking into account that
grain boundary resistivities could vary by several orders of magnitude, the resistivity
distribution measured here is rather narrow. It is particularly interesting that not
a single non-blocking grain boundary has been observed. However, lateral in-
homogeneities along single grain boundaries, as well as the existence of some very
blocking grain boundaries, cannot be excluded from these measurements.
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Fig. 38. (a): Resistance histogram (R;) of microelectrode grain boundary measurements on SrTiO3; ob-
tained at 585 K; (b) capacitance histogram (C); (c) relaxation frequency histogram (w»), the solid line
indicating the value obtained from a conventional impedance experiment; (d) apparent grain boundary
thickness histogram determined from the measured grain boundary capacitances; the solid lines in (c) and
(d) indicate the value obtained from a brick layer analysis of a conventional impedance experiment.

In accordance with literature [246, 247, 340, 341] and the mechanistic discussion
given below, the grain boundary impedance is interpreted in terms of space charge
layers (double Schottky barriers) characterized by a depletion of positive charge
carriers (Fig. 4c). For a space charge layer, &y, & épux can be assumed, and Eq. (45)
allows an estimate of the mean grain boundary resistivity of py, ~ 1.6 10'° Q cm at
a temperature of 585 K from the center (w,* =~ 3.0 Hz) of the logarithmic relaxation
frequency histogram. Moreover, from the ratio of bulk resistivity py, (determined
from the bulk semicircle) to mean grain boundary resistivity pg,, a mean space
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charge potential (barrier height) A@ of ca. 630 mV could be estimated from Eqgs. (16)
and (17) (drift-diffusion model) [271].

It is particularly interesting to test whether an analysis of a conventional macro-
scopic impedance measurement based on a brick layer model leads to the same results
as obtained with microcontacts. The relaxation frequency of the grain boundary arc
measured in the conventional impedance experiment (1.2 Hz) is similar to the mean
value (3.0 Hz) deduced from the microelectrode experiments, although not identical.
One possible reason for the moderate discrepancy is the inaccuracy with respect to
the temperature measurement, which is somewhat difficult in the case of the micro-
electrode set-up. A temperature error of about 20 K could already explain the dif-
ference.

For several grain boundaries, the visible length was determined under the micro-
scope and an apparent grain boundary width was deduced according to Eq. (44)
[271]. The resulting distribution of the apparent grain boundary widths (Fig. 38d) is
rather broad, which is, at least partly, a consequence of the considerable uncertainty
in estimating the grain boundary area from the visible grain boundary length. Ac-
cording to the brick layer model, the grain boundary thickness can also be calculated
from a conventional impedance experiment via Eq. (26). An effective grain boundary
thickness of about 33 nm was deduced from the conventional measurement of the
polycrystalline sample and indicated in Fig. 38d. Obviously, the macroscopically
obtained value is at the lower end of the distribution. This might be connected with
several shortcomings, such as the uncertainty in calculating the grain boundary area,
or uncertainties with respect to the correction factor /¢ in Eq. (44). However, despite
these deviations the agreement of the p,,- and wyp-values obtained from microscopic
and macroscopic measurements is sufficiently close to conclude that a brick layer
analysis of conventional impedance measurements on Fe-doped SrTiO; leads to rea-
sonable estimates of the grain boundary properties.

6.3.3 Voltage-dependent Measurements and Mechanistic Considerations

Additional information with respect to the mechanism of the grain boundary resis-
tance can be obtained from temperature- and voltage-dependent impedance mea-
surements. The grain boundary semicircle varies, for example, considerably with the
applied dc bias (Fig. 39a). The current-voltage relations calculated from such bias-
dependent impedance measurements are thus non-linear. In the logarithmic plot
(Fig. 39b) it can be seen that the low bias regime exhibits a non-linearity factor o
(=dlog(I/A)/dlog(U/V)) of almost one (ohmic behavior), while at a bias value of
about 0.35 V this factor changes to o ~ 2.

From conventional (macroscopic) impedance and time-dependent polarization
measurements on acceptor-doped SrTiOs polycrystals [246, 247, 340, 341] it has
already been concluded that the enhanced grain boundary resistivity is caused by
space charge layers (double Schottky barriers, cf. Sec. 2.3): A positive core charge is
compensated by the negative charge of the ionized dopant ions in the adjacent space
charge layers while all positive mobile charge carriers (holes, vacancies) are depleted
in this space charge region. This yields concentration profiles as sketched in 4c. (It
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Fig. 39. (a) Influence of a dc voltage on microcontact impedance measurements on SrTiOz at 585 K. The
voltage values given indicate the total voltage U,,s rather than the voltage drop across the grain bounda-
ries Ug,; (b) log-log plot of the current-voltage characteristics of a microcontact measurement across a
grain boundary.

should be remembered that although the vacancy concentration exceeds the hole
concentration in the bulk, the higher mobility of the holes leads to predominant hole
conduction in the temperature range considered here.) The theoretical current-
voltage (I-V) characteristics of such double Schottky barriers are often rather com-
plex (cf. Sec. 2.3) The experimentally obtained transition from an ohmic to a super-
ohmic regime at relatively low voltages is in agreement with the I-V curves which can
be expected for double Schottky barriers with few available interface states around
the Fermi level [344]. Hence the measurements support the interpretation in terms of
space charge layers.

The equilibrium thickness wg, of a space charge layer depends on the space
charge potential (cf. Eq. (18)). Using an equation which takes into account that the
dopant Fe can trap holes (Fe’; + h’ & Fe},), a theoretical thickness of 40 nm can be
calculated for Ap ~ 630 mV [271]. The mean grain boundary thickness (~60...70
nm) deduced from Fig. 38d is somewhat larger, but regarding the uncertainties that
influence the calculation of the w-histogram, the agreement is reasonable and the re-
sults are again consistent. It has also been shown in Ref. [271] that the temperature
dependence of the resistance, as well as the temperature and voltage dependence of
the capacitance, can also be understood in terms of the space charge model. Hence,
all experimental results are in accordance with the model that space charge depletion
layers at the grain boundaries of SrTiO; cause the grain boundary resistance and
capacitance. In summary, the microelectrode measurements completed the knowl-
edge of grain boundaries in Fe-doped SrTiO; and proved that a conventional analy-
sis of macroscopic experiments is reasonable in this case.

6.4 Highly Conductive Grain Boundaries in AgCl
6.4.1 Definition of the Problem and Experimental Details

Solely from a conventionally measured impedance spectrum it is neither possible to
draw conclusions on the existence of short-circuiting paths, nor to determine grain
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boundary or bulk properties of samples with highly conductive grain boundaries
(Sec. 3.2). In this section it is exemplarily shown on an AgCl polycrystal that micro-
electrodes can be used to quantitatively investigate highly conductive grain bounda-
ries. The silver-ion conductor AgCl has been chosen, since earlier studies gave
evidence for enhanced ionic interface conductivity in AgCl, either because of hetero-
geneous doping with an insulating oxide [125], or surface-gas interaction [319, 345].
Moreover, experiments are reported that point to the existence of highly conductive
grain boundaries in AgCl polycrystals [124].

Silver microelectrodes on AgCl are established by carefully pressing a silver-
coated tungsten needle onto the sample. Several imprints were analyzed with AFM
demonstrating the quality of the contacts (Fig. 26). The width of the imprint was
usually measured with an optical microscope after removing the needle (error less
than 20%). In the experiments presented here, imprints with a diameter of ~5 um
are used. The impedance was measured between a microelectrode on top of the
sample and the extended counter-electrode (sputtered Ag) on the bottom. By repeat-
ing the contact procedure several times, a conductivity map of a polycrystal was ob-
tained. Although the Ag electrodes were almost reversible, impedance spectroscopy
rather than dc techniques was used in order to avoid time-dependent morphological
changes of the electrodes, which arise in dc measurements. It has been proven on
AgCl single crystals that microelectrodes yield conductivity values in accordance
with the spreading resistance formula (Eq. (34)) if the sample has been etched for
several minutes in Na,S,03 solution to remove surface layers of enhanced conduc-
tivity [264].

6.4.2 Determination of the Bulk Conductivity and the Grain Boundary Conductance

An image of a region of the AgCl surface under investigation is shown in Fig. 40.
The points indicate some locations at which the impedance was measured. Two
kinds of impedance spectra have been observed (Fig. 41): large semicircles for most
microcontacts located on grains, and (usually) smaller semicircles for microelectrodes
on grain boundaries. Corresponding inverse resistances are given in Fig. 40. It has
been demonstrated in Sec. 4.3 that measurements with microelectrodes on grains
can be used to determine the bulk conductivity of the grains. The values obtained
for opui from Eq. (34) (about 5-10- 10~ Q 'em~!) are similar to the conductivity
known from nominally pure AgCl single crystals [102]. Conversely, the inverse re-
sistances measured on grain boundaries Rgnlgb (Fig. 40, bottom numbers) were up to
10 times higher than the values associated with the bulk of the grains. Hence, it can
be deduced that an enhanced conductivity along grain boundaries exists in AgCl.
Apparent grain resistances Rongrain, Which are found to be considerably smaller than
the expected bulk resistance (cf. Fig. 40), are possibly connected with (hidden) grain
boundaries in close proximity to the electrode.

The numerical results of Fig. 20 allow an estimate of the local grain boundary
conductance at room temperature from the measured inverse resistance ratio
(Roneb/ Rongrain)- For such an estimate an inverse resistance of 8 - 1072 1 / Q for the
grains and of 50 - 10712 1 / Q for grain boundaries, a grain size of about 25 pm, and a
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Fig. 40. Micrograph of a polycrystalline AgCl sample. Some points are indicated at which microelectrode
measurements were performed at room temperature. The numbers show the measured inverse resistances
in10712 Q7"

contact diameter of 5 pm have been used. This yields a grain boundary conductance
of f’gb =4.10"" Q7. The calculated value is relatively independent of the grain
size chosen in this analysis: ng changes by less than 30% if grain sizes of 10 um or
125 pm instead of 25 um are assumed. That different grain sizes are involved in the
measurement is therefore of minor importance.

It is worth comparing these locally obtained values with the effective conductivity
oex of the same sample measured in a conventional setup. A measurement with
macrosopic electrodes yields one semicircle in the complex impedance plane and an
effective conductivity of 42 - 107 Q™' em~!. According to the brick layer model for
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Fig. 41. (a) Measured impedance spectra with microelectrodes in a grain, and on a grain boundary of an
AgCl polycrystal at room temperature, and (b) magnification of the spectrum measured on a grain
boundary.
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highly conductive grain boundaries, the effective conductivity is given by Eq. (30)
and for a known bulk conductivity again a grain boundary conductance can be
evaluated. However, in contrast to the microelectrode experiments, the bulk con-
ductivity cannot be determined from a conventional measurement on an AgCl poly-
crystal. Hence gy gained from the microelectrode measurements has been used and
a grain boundary conductance value of f’gb =43-10"" Q7! results. There is ob-
viously a fairly good agreement between the locally determined grain boundary con-
ductance and the value obtained from the conventional measurement. This similarity
is a strong indication that highly conductive paths really percolate in the sample and
that the measured Rongp-values are mainly determined by the grain boundary under
investigation (cf. Sec. 4.3). The only moderate variation of Rong therefore also
points towards similar properties of all grain boundaries in the sample.

6.4.3 Mechanistic Interpretation of the Grain Boundary Conductance in AgCl

At room temperature the bulk properties of AgCl are determined by extrinsic diva-
lent cations, and silver vacancies are the relevant mobile charge carriers in the bulk.
It is known that space charges at interfaces play a significant role in AgCl: heteroge-
neous doping of an AgCl polycrystal with alumina increases the overall conductivity
considerably, which can be explained by space charge layers at the AgCl/Al,O3
interface [125]. The highly conductive grain boundaries in extrinsic AgCl can be
interpreted in a similar way: owing to the different chemical potentials of Ag" ions in
the core of the boundary and in the grain bulk, a space charge is built-up leading to
an accumulation of Ag™ in the core and an enhanced silver vacancy concentration in
the adjacent space charge layers (Fig. 4b).

In the case of a space charge, the grain boundary conductivity is not homoge-
neous and an excess grain boundary conductance A ng of a single grain boundary in
an infinitely extended crystal is defined more generally as the integral over the spa-
tially varying excess conductivity:

+ 00 5

Af]gb = J (O'(X) — abulk)dx X ng. (50)

— 00

Eq. (19) gives a solution of this integral, and hence the grain boundary conductance
for enhanced silver vacancy concentration reads

f’gb X Opuik eXp(eA@/2kT )/ esc kT /2€% ¢y, puik, (51)

with ¢y puk denoting the bulk concentration of silver vacancies.

While f’gb and opyk are deduced from the measurements, we still need the bulk
concentration of vacancies to calculate the space charge potential according to
Eq. (52). Using the room-temperature mobility of vacancies obtained from literature
data [102], and & as the bulk permittivity of AgCl, a bulk vacany concentration of
5.8 10" cm~3 can be evaluated from the measured bulk conductivity. This value is
used to determine an effective space charge potential of about 300 mV and a grain
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boundary width (4 Debye lengths [124]) of ~150 nm. This space charge potential
corresponds to a surface charge in the core of the grain boundary of 3 - 10'3¢ cm~2.
Taking into account that the density of Ag* surface sites of a (100) surface is 6 -
10'* ¢cm™2, this value can be regarded as physically reasonable and the enhanced
grain boundary conductivity measured by microelectrodes can therefore consistently
be explained by space charge layers at grain boundaries, although other interpreta-
tions cannot be excluded.

6.5 Investigation of the Oxygen Reduction Reaction on LaMnQO3
Microelectrodes

6.5.1 Definition of the Problem and Experimental Details

Most investigations of electrochemical electrode reactions involving gaseous species
are performed on porous electrodes and thus have to tackle the problem of ill-defined
electrode geometries. Quantitative relations between measurement parameters (e.g.
electrode resistance) and geometrical parameters (e.g. contact area, three-phase
boundary length) are difficult to obtain. In this section the advantages and possibil-
ities of electrode kinetic studies by means of well-defined microelectrodes are exem-
plarily demonstrated for the case of the oxygen reduction reaction

10,(gas) + 2¢~ (cathode) = 07" (electrolyte) (52)

taking place at electronically highly conductive Sr-doped LaMnO; (LSM) cathodes
on Y-stabilized ZrO; (YSZ) solid electrolytes.

Doped LaMnOj; electrodes were investigated, since they are the state-of-the-art
cathodes in solid oxide fuel cells (SOFCs). However, the overpotentials due to the
oxygen reduction reaction at such electrodes strongly influence the efficiency of the
entire fuel cell. The mechanisms leading to the polarization of the LSM cathodes
have been studied extensively in the past [145-169, 194] and the basic models to
understand the kinetics of the underlying reaction have already been outlined in Sec.
2.4: the oxide-ion incorporation into the electrolyte can take place via a surface path
or via a bulk path (Fig. 5), and in both cases different reaction steps can be rate-
limiting. It is frequently assumed that the surface path is predominant with respect to
the reaction rate on LSM cathodes, but particularly in thin electrodes and under
strong cathodic bias also the bulk path has been seen to play an important role [148,
150, 155, 156, 165]. Hence, a final conclusion concerning the mechanisms has not yet
been reached, and further insight could be expected from microelectrode experi-
ments.

Pulsed Laser Deposition (PLD) was used to grow thin films of A-site deficient
LSM ((Lag$Sro.2)0.92MnOs3) on 9.5 mole % Y,03-doped ZrO, (YSZ) single crystals.
Investigations by different experimental techniques (SEM, AFM, SIMS, X-ray)
proved the films to be dense and of the same composition as the ablation target.
Circular microelectrodes with diameters ranging from ca. 20 um to 200 pm and
nominal thicknesses of 100...800 nm were patterned into the films by using photo-
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Fig. 42. (a) Impedance spectrum obtained on a 30 pm LSM microelectrode at a temperature of approx.
800 °C. The inset shows the equivalent circuit used to fit the data. (b) Electrode resistance R as a function
of the microelectrode diameter at a temperature of approx. 800 °C. The solid line is a linear regression of
the resistance data and shows the proportionality of R to the inverse of the square of the microelectrode
diameter.

lithographic techniques and ion-beam etching. The circular microelectrodes were
contacted with tungsten carbide tips and bias-dependent impedance spectra and I-V
characteristics were measured between a microelectrode and an extended Pt counter-
electrode on the back of the sample (Fig. 25a). More details on the fabrication of
LSM microelectrodes, the microcontact impedance set-up, and the electrical mea-
surements are given in Refs. [160, 346].

6.5.2 The Geometry Dependence of the Impedance Data

A typical impedance spectrum obtained on LSM microelectrodes is shown in Fig.
42a. The arc represents the impedance due to the electrochemical reaction at the
LSM microelectrode. A small ohmic drop caused by the YSZ electrolyte (and partly
by the sheet resistance due to the finite electronic conductivity of the LSM electrode)
is more than three orders of magnitude smaller than the electrode resistance and not
visible in the figure. The impedance spectra for nominally identical microelectrodes
turned out to be reproducible with a standard deviation <15%. The data of Fig.
42D display the relation between the electrode resistance R and the microelectrode
diameter d,: several series of experiments with different electrode thicknesses con-
sistently revealed that the resistance R, is approximately proportional to dpe 2, and
hence to the inverse electrode area.

From this observation it can be concluded that the rate-determining process
directly involves the electrode area, i.e. occurs i) at the surface of the LSM; ii) in the
bulk of the thin LSM electrodes; or iii) at the LSM/YSZ interface. From thickness-
dependent measurements further information with respect to the rate-determining
step could be expected, since a predominant bulk path with transport of oxide ions
through LSM being rate-limiting should yield R¢j oC #ime (fme = microelectrode thick-
ness). Hence, a sample with 60 pm microelectrodes of two different thicknesses
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(100 nm and 250 nm) was examined. The data extracted from measurements on 60
microelectrodes showed that the electrode polarization resistance R, scales almost
linearly with the thickness [161]. This is a strong indication in favor of a bulk path
determining the oxygen reduction rate with transport of oxide ions in LSM being
the rate-determining step. For such a case an equivalent circuit can theoretically be
deduced [206, 207], consisting of a parallel connection of the interfacial capacitance
of the LSM/YSZ interface C and a finite Warburg impedance W, the impedance of
which is given by

tanh((Tyiw)"?)

53
(Twia) ( )

(Fig. 42a). In Eq. (53) R is the ionic (transport) resistance of the LSM electrode

t
Ry=—"—, (54)

TionAme

with Apye, and ojo, being the area and ionic conductivity of the microelectrode,
whereas Ty depends on the chemical diffusion coefficient of oxygen D and reads

Ty = e (55)

(In the fits, a free parameter §§ instead of  has been used in Eq. (53); f-values are
between 0.4 and 0.45, and thus are sufficiently close to 0.5 in order to rationalize a
quantitative interpretation in terms of Eqs. (54) and (55).)

The fit parameter 7 does not depend on the microelectrode diameter, but rather
increases by a factor of 3.5 if the nominal thickness is increased from 100 to 250 nm.
These relationships are further indications that the ionic transport in the LSM mi-
croelectrodes considerably influences the electrode impedance. However, it is ex-
pected that, should polarization be determined solely by the ionic transport in LSM,
the fit parameter 7 actually scales with the square of the thickness 7. (Eq. (55))
and deviations from this relation are a hint that possibly a further step, for example
the oxygen incorporation into LSM or the transfer at the LSM/YSZ interface, also
influences the impedance. The considerable and reproducible thickness dependence,
on the other hand, suggests that the transport is predominant with respect to the
polarization resistance. Hence, the ionic conductivity of LSM at ca. 800 °C (+ca.
50 °C) could at least be estimated from R, and a value of § - 1078 S cm™! follows,
which is in good agreement with previously determined values [117, 150, 155]. Be-
sides the ionic conductivity, a chemical diffusion coefficient D of 3 - 10~ cm? s~! can
be calculated from the Ty -values. This is lower than previously measured diffu-
sivities [347-349], but the large spread in the reported D-values, probably caused by
varying sample preparations, sample densities and partial pressure regions under in-
vestigation, could explain these differences.

The capacitance C turns out to be proportional to the area and almost thickness-
independent. The value of ca. 60 uF cm~2 is relatively large, but still reasonable for a
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Fig. 43. Double-logarithmic plot of the electrode polarization resistance versus the microelectrode diameter
measured with impedance spectroscopy (ca. 800 °C) at (a) a cathodic dc bias of —300 mV, and (b) at an
anodic dc bias of +300 mV. In (b) the first data point of the 20-pm microelectrode is not included in the fit.
(c) Sketch illustrating the path of the oxygen reduction reaction for cathodic bias. (d) Path of the electro-
chemical reaction under anodic bias; the rate-determining step occurs close to the three-phase boundary.

double-layer capacitance at the electrode/electrolyte interface, and hence also this
parameter is in accordance with the interpretation of the oxygen reduction reaction
in terms of a bulk path.

6.5.3 Mechanistic Variations under Bias

Bias-dependent measurements were performed in order to check to what extent the
mechanism depends on the electrical operation conditions. Fig. 43 shows double-
logarithmic plots of the electrode polarization resistance (determined from the arc in
the impedance spectrum) versus the microelectrode diameter observed at a cathodic
bias of —300 mV and at an anodic bias of +300 mV respectively. In the cathodic case
the electrode polarization resistance again scales with the inverse of the electrode
area, whereas in the anodic case it scales with the inverse of the microelectrode di-
ameter. These findings are supported by I-V measurements on LSM microelectrodes
with diameters ranging from 30-80 um: the differential resistance is proportional to
the inverse microelectrode area in the cathodic regime and comes close to an inverse
linear relationship with the three-phase boundary (3PB) length in the anodic regime
[161].

In the particular case considered here, it can therefore be deduced that in the
anodic regime the surface path determines the overall current, since all steps of the
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Fig. 44. (a) Optical microscope image of a 60-um LSM microelectrode after dc polarization with a large
anodic bias (0.6 V). (b) A 74 x 74 um AFM image of a microelectrode after dc polarization with 1.25 V.

bulk path involve the area of the microelectrodes used (Fig. 43). This mechanism
change can be understood from the partial pressure dependence of the defect con-
centrations in ionic solids (Sec. 2.1): according to Nernst’s equation, an anodic bias
corresponds to an enhancement of the oxygen activity at the YSZ/LSM interface and
hence further decreases the already low oxygen vacancy concentration in doped
LaMnO;. A strong anodic bias therefore completely blocks the bulk path and only a
reaction via the surface path is possible.

This interpretation is also supported by the following observation. At high anodic
polarization (>500 mV) “bubbles” spontaneously form on the microelectrode sur-
face. Fig. 44 shows pictures of 60 um LSM microelectrodes that were subjected to
such large anodic bias. Since an anodic bias corresponds to a high oxygen activity at
the YSZ/LSM interface, the corresponding high driving force for oxygen excorpora-
tion leads to the formation of extrusions. In I-V measurements it is also observed
that the anodic current increases by 2 to 3 orders of magnitude upon the formation
of such “bubbles”.

With respect to the rate-determining step of the surface path, which predominates
under large anodic bias, a final conclusion cannot be drawn yet. lonization and ion
transfer as rate-limiting steps, for example, would lead to a resistance proportional to
the inverse circumference (3PB length) and hence are in accordance the experimental
findings. However, if the surface diffusion of oxygen on LSM is slow and only oxy-
gen species close to the 3PB can contribute to the electrochemical reaction also
a combined adsorption/desorption and diffusion limitation can lead to R ~! oc 3PB
length. Therefore, other parameters such as oxygen partial pressure, composition or
surface morphology should be varied in order to gain further mechanistic knowledge.

It is important to notice that i) both the bulk path and the surface path run in
parallel; and ii) it depends on the geometrical parameters how they are weighted, i.e.
how much they contribute to the overall current. Other electrode aspect ratios, for
example, can lead to a shift of the voltage at which the mechanism changes from the
bulk to the surface path. In the case of the thin, broad microelectrodes considered
here, the current via the bulk path is predominant at U = 0 and in the cathodic re-
gime. For an increasing three-phase boundary length, the weight of the surface path
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increases and in porous cathodes used in fuel cells a situation might result in which
the bulk path is relevant only under significant cathodic bias, whereas without bias
the surface path is dominating.

7 Summary and Outlook

In most cases, point defects constitute the mobile charge carriers of solid and liquid
electrolytes. Several factors make the treatment of ionic solids more complicated,
however: electronic charge carriers frequently contribute to charge transport, non-
stoichiometry often influences the defect concentrations, and internal interfaces
such as grain boundaries or phase boundaries strongly affect the overall ionic and
electronic transport properties. Moreover, each ionic solid represents a separate
“solvent”, whereas liquid electrochemistry predominantly deals with only one sol-
vent, namely water. Because of these intricacies, investigations of transport phe-
nomena in electrolytes are more important in current solid state ionics research than
in modern liquid electrochemistry.

Transport studies on ionic solids are further complicated by inhomogeneities:
owing to low diffusion coefficients, non-equilibrium states (non-stoichiometry profiles
or dopant profiles) can easily occur and hinder accurate determination of the con-
ductivity. Highly resistive grain boundaries are frequently investigated by means of
impedance spectroscopy, but spatially varying grain boundary properties may cause
quantitative as well as qualitative misinterpretation of impedance data. Highly con-
ductive grain boundaries are even more problematic, since they do not lead to sepa-
rate dispersion signals in impedance studies, and thus are easily overseen in conven-
tional electrical experiments.

Microelectrodes provides us with a means of tackling such difficulties. For ex-
ample, they facilitate local conductivity measurements and thus the study of in-
homogeneous ceramics, they can be used to quantitatively investigate the electrical
properties of highly conductive grain boundaries, and they enable investigations on
the distribution of grain boundary properties in polycrystals with highly resistive
grain boundaries. Miniaturized working electrodes are also advantageous in elec-
trode kinetic studies as measurements without reference electrodes are possible.
Moreover, well-defined microelectrodes allow geometry-dependent electrode polar-
ization experiments on gas electrodes to be made; thus, they exhibit a considerable
advantage compared with conventional porous electrodes. However, numerical cal-
culations are often necessary in order to relate measurement data of microelectrode
experiments and parameters such as the grain boundary conductance, the conduc-
tivity of grains or the effective size of electrochemically active electrode regions.

The applicability of microelectrodes in various fields of solid state ionics has been
demonstrated in four examples: i) Local conductivity measurements on SrTiOs re-
vealed pronounced conductivity profiles after high-field stress and confirmed that
non-stoichiometry effects due to blocked ion exchange at the electrodes cause the
phenomenon of resistance degradation in perovskite-type electroceramics. ii) Micro-
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electrode experiments on polycrystalline Fe-doped SrTiO; indicated that grain
boundary properties only slightly vary in this material, and that a brick layer analysis
of conventional impedance measurements therefore leads to reasonable results.
iii) Microelectrodes allowed the determination of bulk conductivities and grain
boundary conductances of polycrystalline AgCl. The measurements showed that
grain boundaries are highly conductive in this ionic conductor. iv) Well-defined
LaMnOj; microelectrodes on Y-doped ZrO, were used to investigate the mechanism
of the electrochemical oxygen reduction reaction in solid-oxide fuel cells. Geometry-
dependent measurements showed that — depending on the applied dc voltage — the
reaction occurs via a bulk path through LaMnOs, or via a surface path with a rate-
determining step at the three-phase boundary.

A few other potential applications provide further evidence for the vast potential
of microelectrodes in solid state ionics: the possibility of investigating inhomo-
geneous bulk conductivities makes microelectrodes very attractive for analyzing, for
example, functionally graded materials, interdiffusion and reaction between solids,
demixing and other degradation processes in electroceramics. Solid electrolytes with
highly conductive interfaces are attractive for applications in electrochemical energy
conversion and microcontacts are an ideal tool to characterize such materials. Mi-
croelectrodes on adjacent grains of a polycrystal could be used to observe in situ
grain boundary aging phenomena, or the effect of chemical diffusion along grain
boundaries. The growing interest in composites in order to achieve new or improved
materials properties creates a further area of application for microelectrodes: the
bulk conductivities of the constituents, as well as the interface conductivities, can be
analyzed locally. In summary, one may expect that in the future the use of micro-
electrodes in solid state electrochemistry will become as common as it is today in
liquid electrochemistry.
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spatial direction along the WE
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PwE(CcE) inner (Galvani) potential of the WE (CE)
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0 coverage

p radial coordinate

o conductivity

1 Introduction

Nonlinear dynamics deals with the evolution of states in systems that are governed
by nonlinear evolution laws. Whenever a system’s behavior is decisively influenced
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by nonlinearities, it is far from thermodynamic equilibrium [1-4]. One of the great
achievements of science during the last century was the recognition that systems kept
far from the thermodynamic equilibrium can spontaneously form a pattern on a
scale that is much larger than the atoms or molecules that are its constituents. A
process that results in the spontaneous emergence of such patterns by exporting
entropy out of the system is called self-organization. One objective of nonlinear dy-
namics is to uncover mechanisms that provide systems with the potential to organize
themselves without an input from the outside. Over the last decades, theoretical
progress in this field has led to the development of concepts that can be applied in
practically any discipline and guide the search for the properties essential for self-
organization phenomena.

Self-organization phenomena are especially widespread in electrochemical sys-
tems, which can already be anticipated from their long history. The first reports on
oscillating reaction rates during metal dissolution date back to 1828 [5]; studies dur-
ing the last 100 years have revealed that virtually any electrochemical reaction may
exhibit dynamic instabilities in a certain range of parameters [6, 7].

Within the last ten years the application of the above-mentioned concepts
and tools from dynamical systems theory to electrochemical reactions brought about
major progress in the understanding of the basic principles underlying electro-
chemical self-organization processes [8—10]. It allowed classifying electrochemical
oscillators according to their dynamic behavior [9-12], and relating the equations
governing pattern formation in electrochemistry to prototypical, generic equations
whose dynamic behavior has been analyzed in detail. This review article focuses on
this new view of electrochemical pattern formation.

Spatiotemporal pattern formation at the electrodelelectrolyte interface is de-
scribed by equations that belong in a wider sense to the class of reaction-diffusion
(RD) systems. In this type of coupled partial differential equations, any sustained
spatial structure comes about owing to the interplay of the homogeneous dynamics
or “reaction dynamics” and spatial transport processes. Therefore, the evolution of
each variable, such as the concentration of a reacting species, can be separated into
two parts: the “reaction part”, which depends only on the values of the other varia-
bles at one particular location, and another part accounting for transport processes
that are induced by spatial variations in the variables. These latter processes consti-
tute a spatial coupling among different locations.

Let us first consider a homogeneous situation in which the transport terms be-
come zero. Then, the temporal evolution of the system is described by a set of ordi-
nary differential equations of the general form

de;
izfi(cjnuk)v (1)

where ¢; are the variables, y;, symbolize parameters that affect the dynamics and can
be controlled from outside, such as the externally applied voltage in a potentiostatic
experiment. The nonlinear functions f; constitute the “reaction part”. In a real sys-
tem, the number of quantities that change in time is usually large. However, in most
cases the system’s dynamics is captured by a few variables only. The other variables
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Fig. 1. Positive (autocatalytic) and negative feedback loops be-
tween the activator (A4) and inhibitor (/) variable.

adjust immediately to their stationary values and thus do not represent true degrees
of freedom. In a mathematical description they often can be neglected completely. In
the majority of cases that are considered in this review the kinetics is captured by one
or two dependent variables. One-variable systems can exhibit bistable behavior, i.e.
in a range of parameters the system might be in one of two stable stationary states,
for example one with a high current density the other one with a low current density.
For bistability to occur the reaction kinetics must contain a self-enhancing step, i.c. a
positive feedback loop.

If a second variable participates in an additional feedback loop with a negative
regulation, oscillations become possible. The mutual dependencies of the two varia-
bles, which have been coined activator and inhibitor, are depicted in Fig. 1. A4, the
autocatalytic species is the activator: it activates the production of 7, and I is the in-
hibitor because it slows down or inhibits the growth of A4 [13, 14]. Oscillations arise
in activator-inhibitor systems if characteristic changes of the activator occur on a
faster time-scale than the ones of the inhibitor. In other words, the inhibitor must
respond to a variation of the activator variable with some delay. In fields as di-
verse as semiconductor physics, chemistry, biochemistry or astrophysics, and also in
electrochemistry, most simple periodic oscillations can be traced back to such an
activator-inhibitor scheme.

In most electrochemical systems displaying nonlinear phenomena, the electrode
potential is an essential variable, that is, it participates in one of the above-mentioned
feedback loops.! In the overwhelming number of cases it takes on the role of the
activator variable, but occasionally it also acts as the negative feedback variable.
Depending on the mechanistic role of the electrode potential, the instabilities that
prevail the dynamic properties in these two classes of systems are fundamentally
different.

! Thus far, there seems to be only one convincing example of a reaction mechanism’s giving rise to oscil-
lations if the electrode potential is kept fixed [15]. For further discussion of essential variables, see [16].
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In a spatially extended system, fluctuations that are always present cause the
variables to differ somewhat in space, inducing transport processes, the most com-
mon one being diffusion. In the case of constant diffusion coefficients D;, the system’s
dynamics is then governed by reaction-diffusion equations:

% ey ) + Die )
A transport process couples different locations in space with each other. In other
words, it provides the system with the ability to exchange information between dif-
ferent positions about their present state. The lateral ‘“communication” through
diffusion, a process that in the absence of the reaction terms inevitably leads to a flat,
that is homogeneous, state, can maintain sustained patterns when acting together
with nonlinear reaction terms. The characteristic length scale of the patterns is —
roughly speaking — on the order of \/D/k, if k is a characteristic rate constant of the
homogencous dynamics. Pattern formation in reaction-diffusion systems has been an
active field of research for the last thirty years (see e.g. Ref. [17]).

Above we stated that electrochemical systems could be classified as reaction-
diffusion systems in a wider sense. Now this statement can be specified: The equa-
tions governing electrochemical pattern formation can be formulated as a sum of a
“reaction part” or “homogeneous dynamics™ and a part that vanishes in a homoge-
neous situation and describes the spatial coupling, in analogy to the diffusion term in
reaction-diffusion systems. However, electrochemical systems possess a number of
unique properties that distinguish them from the classical reaction-diffusion systems
(Eq. (2)). Nearly all these properties are associated with electrical quantities. Above
we also mentioned that, in most of the electrochemical systems displaying nonlinear
phenomena, the electrode potential is an essential variable. This means that if the
electrode potential is strictly constant, then the system does not exhibit dynamic in-
stabilities. From this we can already conclude that in a potentiostatic experiment
self-organization requires some voltage drop through the electrolyte, since only then
the electrode potential has the freedom to vary in time or space. Therefore, in the
context of dynamic instabilities in electrochemical systems, one often distinguishes
between strictly potentiostatic conditions, in which the electrode potential reduces to
a parameter, and potentiostatic conditions, which imply that the sum of the electrode
potential and the potential drop across some portion of the electrolyte is constant,
but the electrode potential itself can vary.

From the facts that the electrode potential is an essential variable, and that the
potential drop through the electrolyte is important for dynamical instabilities, two
further important conclusions can be drawn. First, lateral variations of the potential
induce migration currents, and it was shown that in electrochemical systems the
dominant spatial coupling is migration coupling. As will be discussed below, migra-
tion coupling cannot be described mathematically by a diffusion term. Second, due to
the participation of the bulk electrolyte in the dynamics, the geometry of the elec-
trochemical cell, and in particular the relative position of the working (WE), coun-
ter (CE) and reference (RE) electrodes, become important for pattern formation.
Changes in the geometry might affect both, the homogeneous dynamics and the
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spatial coupling. This opens the peculiar possibility to influence pattern formation by
tuning the spatial coupling. Moreover, the control of the experiment brings about a
global coupling among different sites of the electrode. In a strict sense, a global cou-
pling exists if a local change of a variable is felt by all the other locations with the
same strength independent of their distance to the location of the local variation. In
the course of a potentiostatic or a galvanostatic experiment, the electric control de-
vice will respond to a local change of the potential drop across the double layer (i.e.
the electrode potential) or the current density. It does this by varying the potential of
the WE (or the CE), which clearly is always uniform and thus its change affects all
positions of the electrode.

Global coupling in systems of the reaction-diffusion type has been an active area
of research over the last decade (see Refs. [18-22] and references therein), which
helped also to elucidate the role of global coupling in electrochemical systems. The
strong general interest in global coupling arose because of its frequent occurrence
and its strong impact on pattern formation. In the presence of global coupling, Eq.
(2) can often be written as

6c,~ N
N = fi(¢j, e, &) + DilAc; + a(ci — {¢;)), (3)

where the squared brackets indicate the spatial average. Note that the parameter o,
which determines the strength of the global coupling in general also enters the reac-
tion part.

Patterns at the electrode/electrolyte interface arise due to the interplay of the ho-
mogeneous dynamics, migration coupling and global coupling, which in turn depend
on electrode kinetics, migration, conductivity of the electrolyte, cell geometry and the
external electric circuitry. In this review emphasis is placed on establishing the influ-
ence of these individual quantities on pattern formation. In Section 2, the general
equation for the spatiotemporal evolution of the electrode potential is derived start-
ing from the fundamental conservation laws of charge and mass. The assumptions
and approximations used are pointed out. The goal of this section is to elucidate the
origin of the two types of spatial coupling in electrochemical systems, migration
coupling and global coupling, and to demonstrate how they depend on the experi-
mentally accessible parameters, most importantly the relative placement of the elec-
trodes.

In Section 3 the homogeneous dynamics of the two main classes of electro-
chemical systems is discussed, in which the electrode potential takes the role of the
activator or inhibitor variable, respectively. In the first case, wherein the electrode
potential is involved in the positive feedback loop, there are not only far more ex-
amples known, but also two subclasses are distinguished with different dynamic
properties. The characteristic properties common to all systems in the different cate-
gories, respectively subcategories as well as prototype models are compiled first, and
then selected examples are discussed. Here emphasis is placed on elucidating the role
of the individual reaction steps in the dynamic behavior, and thus forge links be-
tween the common properties and the prototype models to different reactions. The
examples chosen are either ‘“‘classical oscillating reactions”, which should not be
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missing in an overview on electrochemical nonlinear systems, or new results that are
not included in earlier review articles [6, 7, 9, 10]. Because of the huge number of
papers dealing with oscillations during electrode reactions, a comprehensive review
would go beyond the scope of this article.

Section 4 investigates the interaction between the homogeneous dynamics and the
spatial couplings. It is thus concerned with spatiotemporal patterns. Its structure
follows naturally from the results of the two preceding sections. Subsections 4.1 and
4.2 deal with patterns that arise in systems in which the electrode potential takes the
role of the positive and the negative feedback variable, respectively. The general
patterns that exist in different combinations of homogeneous dynamics and types of
spatial coupling are discussed from a general point of view as well as with experi-
mental examples. Since the progress in the understanding of spatial instabilities in
electrochemical systems was considerable within the last five years and allows a new
access to many of the observed phenomena, and moreover most of the experimental
results are also new, in this section a nearly complete survey of the literature on spa-
tiotemporal dynamics is given (disregarding works from the first half of the twentieth
century).

Section 5 contains a summary of the basic mechanisms giving rise to spatio-
temporal instabilities in electrochemical systems and discusses perspectives and chal-
lenges in future research.

2 The Evolution Law of the Potential Drop
Across the Double Layer and the Nature of
Spatial Coupling in Electrochemical Systems

2.1 Derivation of the Evolution Law of the Potential Drop Across the
Double Layer

The properties characteristic for electrochemical nonlinear phenomena are deter-
mined by the electrical properties of electrochemical systems, most importantly the
potential drop across the electrochemical double layer at the working electrode
(WE). Compared to the characteristic length scales of the patterns that develop, the
extension of the double layer perpendicular to the electrode can be ignored.? The
potential drop across the double layer can therefore be lumped into one variable,
#pL, and the temporal evolution law of ¢ at every position r along the (in general
two-dimensional) electrodelelectrolyte interface is the central equation of any elec-
trochemical model describing pattern formation.? It results from a local charge bal-

2 An exception hereto are patterns that form during electropolishing of Al, which have a wavelength of the
order of 10—100 nm [23, 24]. They cannot be described with the model discussed in this review.

3In short, ¢p; is termed below also double layer potential. It is related to the electrode potential, ¢,
through the potential drop across the double layer at the reference electrode, ¢p; g : ¢ = ¢pL. — $pL RE-
Since ¢ g is constant in time, (0p/0t) = (0¢py /01).
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Fig. 2. Local charge balance at the electrodelelectroyte interface and notation of different potentials and
potential drops in the electrochemical cell.

ance at the interface (Fig. 2), and in a very general form it reads

W +ip(r, 1) = d (v, 2 = WE, 1), (4)
Here C is the specific differential double layer capacitance. The two terms on the left
side of Eq. (4) describe the capacitive and faradaic current densities at a position r at
the electrode|electrolyte interface. The sum of these two terms is equal to the current
density due to all fluxes of charged species that flow into the double layer from the
electrolyte side, i . (r,z = WE), where z is the direction perpendicular to the elec-
trode, and z = WE is at the working electrode, more precisely, at the transition from
the charged double layer region to the electroneutral electrolyte. iy . is composed
of diffusion and migration fluxes, which, in the Nernst—Planck approximation, are
given by

He) O

z=WE 0

=WE — _FZ<H?FHiCi(Z = WE)? + Din;

iel.z
' z

where F is Faraday’s constant, u; the mobility* and »; the charge number of species i.
¢; and D; are the concentrations and diffusion coefficients of the respective ions.
¢(r, z) denotes the electric potential within the (electroneutral) electrolyte.

To solve Eq. (4) with iy given by Eq. (5) the component of the electric field nor-
mal to the electrode and the differential changes of concentrations with infinitesimal
changes in z have to be determined. At this point potential and concentration dis-

4 Notice that here mobility is defined as the velocity of a particle under the influence of a unit force.
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tributions of the bulk electrolyte come into play, and the rigorous treatment of the
problem becomes extremely demanding. It involves the solution of Poisson’s equa-
tion, which reads for a medium with uniform dielectric constant &

F
2 e e
Vg = o Ei nici (6)

and relates the charge density in the electrolyte to the Laplacian of the electric po-
tential, as well as the solution of the material balance equations for every charged
species. For diluted solutions and in the absence of convection, they read

% =-V- (—niu[Fcng/ﬁ — D,‘VC,‘). (7)
Equation (4) is thus a time-dependent boundary condition to Egs. (6, 7), which,
supplemented by the remaining boundary conditions (which also involve external
constraints resulting from the operation mode of the experiment, s.b.) and possibly
by the incorporation of convection, form the most basic Ansatz for modeling pat-
terns of the reaction-transport type in electrochemical systems. However, so far,
there are no studies on electrochemical pattern formation that are based on this
generally applicable set of equations. Rather, one assumption was made throughout
that proved to capture the essential features of pattern formation in electrochemistry
and greatly simplifies the problem: it is assumed that the potential distribution in
the electrolyte can be calculated by Laplace’s equation, i.e. Poisson’s equation (6)
becomes:

Ag = 0. (8)

Although this seems to be an excellent approximation, since any electrolyte solution
adheres electroneutrality very closely, one should be aware that rigorously taken it is
valid only if the conductivity of the electrolyte, o, which can be expressed as

g=F? Z n,-zu,»ci, )
i

is uniform within the entire electrolyte. This further implies that all diffusion co-
efficients D; are equal and that the concentrations ¢; are constant in space. For a
further discussion about the problems that arise when employing Laplace’s equation
if these conditions are not fulfilled see, e.g. Ref. [25]. Given Egs. (8 and 9) hold, all
diffusional fluxes vanish and the mass balance equations (7) are no longer necessary.
Furthermore, the contribution of the individual species to the migration current can
be combined such that Eq. (5) becomes

felz|.owg = —0 = . (10)



98 Katharina Krischer

Assuming, in addition, that the capacitance of the electrode is independent of ¢y,
an assumption, which also has been made so far in simulations of electrochemical
pattern formation, the differential charge conservation law at the interface (Eq. (4))
becomes [26]

C6¢Dgt(r, 1) — in(r) — G@qﬁ(r, 1)

(11)

0z |—we

This equation constitutes the central equation of state-of-the-art modeling of pattern
formation in electrochemistry. Its integration requires the knowledge of the electric
field component normal to the interface, which is obtained from the solution of
Laplace’s equation.

The necessity to solve Laplace’s equation requires formulating all boundary con-
ditions, and at this point the cell geometry becomes important. Generally, there are
two types of boundary conditions that come into play. Any electrically insulating cell
wall is mathematically described by zero-flux or von Neumann boundary conditions:

4 %

=0
or; ( ’ 0z (

=0, (12)

z,rj, ri=cell wall) r, z=cell wall)

where r; is the spatial direction normal to the respective cell wall and r; the second
spatial direction parallel to the working electrode. At a conducting surface, i.c. the
WE and the CE, the (uniform) potential in the interior of the conductor has to be
specified:

dweg =a, écg =D, (13)

where a and b result from the way the experiment is conducted (s.b.) and may vary
in time. The respective potential drops across the double layers are then given by
$oL = dwe — ¢l.—we, and ¢pr cg = dce — #l._cg (see Figs. 2 and 7). To solve La-
place’s equation, their initial profiles must be given; their temporal evolution then
obeys Eq. (11), respectively a corresponding one for the CE. However, in electro-
chemical modeling it is generally assumed that the reactions at the CE have no deci-
sive impact on pattern formation at the WE, and the boundary condition at the CE
is considerably simplified. Birzu et al. [27-29] assume linear kinetics, neglecting the
capacitive current, such that for the CE Eq. (11) becomes

9
_JE . = k¢DL, CE» (14a)

where k is the rate constant. Elsewhere [26, 30—39] it is assumed that the double layer
potential at the CE is uniform in space throughout. Thus, also the electrolyte poten-
tial at the border between the CE double layer and the electroneutral electrolyte,
#|._cg, constitutes an equipotential plane, whose potential is conveniently set to zero:

H._cp = 0. (14b)
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In this case, the potential drop across the double layer at the CE does not need to be
further considered. In the following considerations we shall, unless stated otherwise,
refer to this boundary condition at the CE.

Thus, in practice, the potential distribution within the electrolyte is obtained by
solving Laplace’s equation subject to a time-dependent, Dirichlet-type boundary
condition at the end of the double layer of the WE, a given value of ¢ at the end of
the double layer of the CE and zero-flux or periodic boundary conditions at all other
domain boundaries. Knowing the potential distribution, the electric field at the WE
can be calculated, and the temporal evolution of the double layer potential is ob-
tained by integrating Eq. (11) in time, which results in changed boundary conditions
(b.c.) at the WE.

Now, we are in a position to recognize, how different parts of the interface are
coupled together, which is not apparent from Eq. (11) since it does not contain a
spatial operator acting in the direction parallel to the electrode: A local change of the
potential at the interface of the working electrode i.e. of the b.c. affects the potential
distribution in the entire electrolyte. Accordingly, also the normal derivative of the
electric potential at the entire electrode|electrolyte interface is changed, i.e. the mi-
gration current densities entering the double layer. From a physical point of view,
different parts of the electrode are coupled together because the electrolyte has a
strong tendency to stay electroneutral so that local disturbances of ¢p; cause in-
stantaneously a change of the migration currents at the entire interface. This spatial
coupling through the electric field, also called migration coupling, corresponds to the
coupling through diffusion in reaction-diffusion systems. Since the impact of a local
change of ¢, on the evolution of ¢py; at a distant position depends on the cell geo-
metry, the cell design plays a decisive role for the spatial coupling in electrochemical
systems. This is discussed in more detail in the next section.

2.2 Migration Coupling

There are two types of cell design that give rise to different coupling properties. In
the first kind the WE extends from one wall of the cell to the other one, in the second
class it is embedded into an insulating material. Examples of the two types that were
also considered in literature are shown in Fig. 3. Among the first type of geometries
are, e.g., cylindrical cells with a disk-shaped WE that covers the top of the cell or
a box-like cell with a rectangular WE at one side of the box (Fig. 3a,b). Also ring
electrodes whose circumference is large compared with the width of the ring fall into
this category, since here pattern formation occurs only into the azimuthal direction
in which no insulating boundary exists (Fig. 3c). A simplified 2-d geometry, with
which most knowledge about the spatial coupling in electrochemical systems and the
features, in which electrochemical models are different from reaction-diffusion mod-
els, were first obtained, is shown in Fig. 3d [26, 31, 34]. Here the electrolyte is con-
fined to a cylindrical surface, which is bound from one side by the WE and from the
other side by the CE. In another two-dimensional model, the electrolyte is a rectan-
gle, the two electrodes being wires at two opposing sides (Fig. 3e).

Common to all these geometries is that for a homogeneous potential distribution
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Fig. 3. Different cell geometries. Type I: For a uniform potential distribution at the electrodelelectroyte
interface, the current density is uniform. Type II: For a uniform potential distribution at the electro-
delelectroyte interface, the current density is not uniform.

at the WE and the CE there are no components of the electric field along the coor-
dinate in which the electrode is extended. Hence, this ‘“homogeneous’ situation is
captured by a one-dimensional, “point-like” arrangement of the electrodes, as de-
picted in Fig. 3f.

When the electrode is embedded in an insulating plane, such as in the geometries
shown in Fig. 3g h, current density and double layer potential are never uniform at
the same time. This fact, first pointed out by Newman [40], considerably complicates
pattern formation.
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Let us first discuss the properties of migration coupling in the first type of sys-
tems. Here, the solution of Laplace’s equation for any homogeneous situation yields
a linear dependence of ¢ on z, i.e. with boundary condition 14b and the origin of the
z-axis, z = 0 at the CE,

$(z) = Pl._wgz- (15)

This means that in a homogeneous case the migration current density in Eq. (11) is
given by:

o
- . 1
0= W ?.—we (16)

where w is the distance between the WE and the CE.

In an inhomogeneous case, the migration current density at the WE deviates from
the one that would result from a linear potential drop between the WE and the CE.
The deviation between the actual migration current density and the one that would
flow if the potential dropped linearly between the WE and the CE corresponds to
migration currents that flow only because of an inhomogeneous interfacial potential
distribution; it constitutes thus the migration coupling, i.e. the dominant spatial
coupling in electrochemical systems, imig coupling:

P U
mig, coupling 0z

w

(17)

z=WE

Unlike a diffusional coupling in one spatial dimension, which is given by D(8%c/dx?)
and depends only on the diffusion coefficient, the migration coupling depends on two
parameters, o and w, or, in physical terms, the conductivity of the electrolyte and the
distance between the WE and the CE. The conductivity plays the role of the diffusion
coefficient in diffusional coupling, i.e. it determines how fast an inhomogeneous po-
tential distribution is evened out with time (in the absence of a reaction term) just as
the diffusion coefficient determines how fast an inhomogeneous concentration distri-
bution disappears. For a given size of the WE, w determines the range of the cou-
pling, which is a measure of the characteristic distance over which a change in the
state at a particular position instantaneously affects neighboring parts. The coupling
range also depends on the extension of the electrode and thus a better characteriza-
tion is the aspect ratio of the cell. For the two-dimensional cylindrical geometry (Fig.
3d), e.g., the aspect ratio is conveniently defined as f = (2zw)/L, where L is the cir-
cumference of the electrode [31].

The effect of § on the coupling range is illustrated in Fig. 4 in which the migra-
tion coupling term imig coupling 18 plotted against position for a rectangular potential
profile at the ring electrode. The potential distribution mimics a nonstationary situa-
tion in the bistable regime where a large part of the electrode acquires one of the two
steady states and a small part the other one, both parts being connected by a sharp
interface (Fig. 4 top). The three curves in Fig. 4 (bottom) correspond to three differ-
ent values of 5. First, we see that wherever ¢ (x) is lower than the average, ¢ is
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potential
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Fig. 4. Top: Potential distribution at the working electrode (z = WE). Bottom: Corresponding spatial
coupling term (Eq. 17) for the 2-d cylinder geometry (cf. Fig. 2.2d) and three different values of f: Solid
line, f = 4; long-dashed line § = 0.5; dashed line f = 0.1.

increased by the migration coupling, and vice versa, wherever ¢ (x) is larger than
the average, it is decreased. Thus, the migration coupling is a synchronizing cou-
pling; it smoothes out any potential gradients tangential to the WE, just as diffusion
homogenizes a concentration profile.

Furthermore, the solid curve, obtained for the largest value of 8, does not fall off
to 0, even for positions farthest from the interface. This means that the migration
coupling leads to a recharging of the entire interface, though the recharging is the
stronger the closer positions are to positions where ¢p; changes strongly. This is
characteristic for any nonlocal coupling. For smaller values of 8, the impact of the
migration coupling on positions far from the potential front is less pronounced and
thus the coupling range decreases, leading in the limit of vanishing f to local or dif-
fusive coupling (the short- and long-dashed curves in Fig. 4). Since f is an experi-
mentally accessible parameter, the coupling range can be deliberately tuned; this is a
singular property of electrochemical systems.

For the case of the two-dimensional cylindrical geometry, Laplace’s equation can
be solved analytically yielding also an analytical expression for the migration current
density at the working electrode, which allows investigating the coupling range as
a function of f in quantitative terms. As shown in [26, 31| for this geometry the
migration current density can be expressed by the infinite series:

= 6200:[A,,(f) cos(nx) + B,(f) sin(nx)|nf cosh(nf) + Ao(7) (18)

F=— n—=1

where f is the aspect ratio of the cell as defined above, n are wave numbers, A4,
B, the corresponding time-dependent Fourier coefficient, and ~ indicates that di-
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mensionless quantities are used; for its transformation to the corresponding physical
quantities, see the original literature [10, 31]. Writing ¢, as a Fourier series,

0

dpL(X, 1) = Z[an(f) -co8(nx) + by(1) - sin(nx)] + ao(7) (19)

n=1
we can express the evolution equation of ¢, Eq. (11), as an infinite number of
coupled ordinary differential equations for the temporal evolution of @, and b, once

the boundary condition that relates ¢p; and ¢§|§:71 is known. For potentiostatic
control (s.b., U is the applied voltage), 4, (B,) and a, (b,) are linked according to

ap=U+ 4y and a, = A,sinh(nf), b, = B, sinh(nf) (20)

and the evolution equations for the coefficients a,, become

% = —folai, bi) — %ao =: go(ai, bj) (21a)
and
% = —fu(ai,b;) — & - n-coth - (nf)a,
=: gu(a;, b;) — 6(11 - coth(nf) — ;) a, (21b)
The terms f,(a;, b;)(n, i=0,1,...,00) are the Fourier components of the reaction

current density, ir. Owing to the symmetry of the problem, the equations for the
coefficients of the sine modes, b,, are analogous to those of the cosine modes, a,.
The “reaction part” (the dynamics of the homogeneous system) was lumped into
the function g. In this way, the term defining the spatial coupling (Eq. (17)) is easily
discernible. In accordance with our general considerations about the characteristics
of the migration coupling, it is apparent from Egs. (21a,b) that ¢ only influences the
relative time scales of spatial coupling and homogeneous kinetics and thus defines
the coupling strength. On the other hand, f influences the ratio of damping terms of
the different modes. Thus, varying f changes the range of the coupling.

Equations (21a,b) allow quantifying the two limiting cases of maximum and
minimum coupling range, f — 0 and f — oo, respectively. For arguments < 7, the
coth in Eq. (21b) can be expanded, leading to the following expression

}}irr(l)[—&(n coth(nf) — g~ 1] = — %&ﬁnz + O(p*n*). (22)

The first term on the right formally represents a contribution of a second spatial de-
rivative and can thus be formally considered as originating from a diffusional pro-
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cess. Consequently, in the limit of very small aspect ratios the spatial coupling con-
verges to a local, diffusional coupling with a formal diffusion coefficient (64)/3.

If, on the other hand, the aspect ratio is very large, the spatial coupling converges
toward a characteristic function with a maximum range

lim (—G(ncoth(nf) — 1)) = —én. (23)

p—oo

The right side of Eq. (23) is already a good approximation from f ~ 3 on, i.e. if the
length of the WE is about twice the distance between the WE and the CE.

Recently, Christoph et al. [35-37] introduced a mathematically different formu-
lation of the coupling term that employs an approach that was shown to be helpful
when dealing with long-range effects, since it allows an intuitive representation of the
nonlocality of the spatial coupling [14]. In a first step, the potential distribution in the
electrolyte is expressed in terms of the boundary conditions at the electrode with help
of a Green’s function. Inverting the Green’s function results in the coupling function
H such that the spatial coupling can be represented by an integral formalism. In this
case, the migration coupling is expressed as

2n

s copins = 7 | H(lx =) @ (') = don (1)) ' (24)

where again for simplicity the cylindrical 2-d geometry is considered, but the for-
malism can be applied independent of the geometry. In this formulation it can be
seen immediately that the coupling term vanishes in a homogeneous situation, i.e. if
dpL(x) = ¢p(x’) for every x’. For an inhomogeneous situation the coupling func-
tion H(x — x') quantifies the effect any location x’ has on the dynamics at the posi-
tion x. It depends on the aspect ratio . The change of the range of the coupling with
f is obvious from a comparison of the two coupling functions shown in Fig. 5, which
correspond to a small (dashed line) and large (solid line) distance, respectively. The
fact that for a large value of § the coupling function is considerably different from
zero everywhere is a manifestation of the nonlocality of the coupling. For vanishing
B, H is practically 0 everywhere, except for locations in the immediate neighborhood
of the reference point x, a situation that characterizes a local coupling.

Although the quantitative considerations above concerned the simplified two-
dimensional geometry, qualitatively the results hold for all the geometries without
insulating boundaries in the plane of the WE: the migration coupling is in general
long-range and the range depends on the aspect ratio of the cell. If the electrode is
embedded in an insulating plane, such as in the geometries shown in Fig. 3(g,h), ad-
ditional features complicate the migration coupling. They arise due to two reasons:
the local effective resistance depends on position, which means that there is a varia-
tion of a parameter of the local dynamics with space, and thus different positions of
the electrode might be in different dynamic regimes; and the strength with which two
points are coupled together through migration coupling does not decay monotoni-
cally from a reference position, but increases again towards the edge of the electrode
where it diverges. This important result was recently obtained by Christoph [37]. It
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Fig. 5. Coupling functions H in Eq. (24) for ring working electrodes with circumference L for two different
values of . Solid line: large aspect ratio f resulting in nonlocal spatial coupling. Dashed line: very small
aspect ratio f resulting in local (diffusive) spatial coupling. (Courtesy of J. Christoph.)

implies that every point at the electrode is coupled more closely to points at the edge
of the electrode than to neighboring positions. Hence, in addition to the nonlocal
coupling discussed above, there is a remote coupling to the edges of the electrode.

Let us consider the potential distribution for one such mixed boundary value
problem in more detail. If a disk electrode of radius p, embedded in an infinite in-
sulating plane and with the counter electrode far away has a uniform double layer
potential, ¢ , then the current distribution at the electrode normalized to the aver-
age current density, iayg, is given by [40]

lmig(p)|z:WE _ 0.5 (25)

iavg /17102/'03

The corresponding equipotential and current lines within the electrolyte are shown in
Fig. 6 [25]. The equipotential lines are close together at the edge of the electrode,
and, as immediately apparent from Eq. (25), the current density is infinite at p = p,,
i.e. at the edge. Thus, at the edge, the effective resistance of the electrolyte vanishes,
and it increases when approaching the center of the disk. The higher current density
at the rim of the electrode is to be attributed to the current flow through the solution
beyond the electrode.

Although the detailed dependence of the current density from the distance of the
edge is different for every electrode geometry, the qualitative behavior is identical for
all the systems in which the electrode is embedded in an insulator. The current den-
sity is always largest at the electrode edge and it decreases toward the middle of the
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Fig. 6. Equipotential and current lines (solid and dashed lines, respectively) for a disk electrode embedded
in an insulator.

electrode. Thus, also the dynamic effects due to these properties will be qualitatively
similar.

The repercussion of the insulator embedding the WE on the dynamics becomes
most apparent when reformulating the migration current density in the following
way

U% _a¢|Z—WE+G<Zf—1¢)

e ) () (26)

z=WE

where the first term is the local migration current density that would exist in a point-
like system with a resistance w(p)/a, whereby w(p) is a geometric parameter which
depends on space. The second term determines the spatial or migration coupling.
Since the resistance differs with position, all electrochemical models for electrodes
embedded in insulators are models with a distributed parameter.

Obviously, also migration coupling depends on the position-dependent effective
resistance, w/o, which leads to the already mentioned strong coupling of every posi-
tion to edge-near positions of the electrode and thus to non-monotonic coupling
functions [37]. Theoretical investigations of this complicated and unusual coupling
behavior can thus far only be found in [37]. Since the results are fairly new, and ex-
perimental confirmations of the additional effects originating from the remote mi-
gration coupling have not yet been obtained, we refrain from discussing this coupling
in more detail.

2.3 Global Coupling

As follows from Eq. (13), our equations are only fully specified if the potential of the
WE, ¢wE, is known, which relates the potential drop across the double layer and the
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electrolyte potential at z = WE according to

$pL(r,1) = dwe(t) — ¢(r, 1)]._we- (27)

Usually, that is except under open circuit conditions, the working electrode is em-
bedded in an electric circuit, which imposes a constraint on ¢y () and thus defines
its value with respect to some potential scale (in our case Eq. (14b)). Moreover, ¢ywg
will in general evolve in time and thus the external constraint directly influences the
dynamics of the system. The two most important operation modes of electrochemical
systems are the potentiostatic and the galvanostatic operation.

Under potentiostatic conditions, the voltage between the WE and the RE is kept
constant. Since the potential drop across the interface of the reference electrode is
constant, the potentiostatic control can be formulated in terms of the voltage differ-
ence between the location in the electrolyte at which the reference electrode is posi-
tioned (zrg,rrg) and the working electrode®

U=¢pL(r) + (¢(r)].wg — ¢

z:RE,r:RE)7 (28)

where U is the externally applied voltage.
The galvanostatic operation mode gives rise to the following integral constraint
for the total current

Itot:J 0%
w

o] ad (29)

z=WE

where Iy is the preset current density.

In general, both the galvanostatic and the potentiostatic operation mode lead to
a change of the potential of the working electrode, ¢y, with time, which causes
a further spatial coupling among different sites of the electrode.® Consider first the
galvanostatic case. If the faradaic current at a particular position at the electrode
changes (e.g. due to a local fluctuation), the total current changes accordingly, and
the galvanostat provides the difference current between the actual and the set current
by changing the potential of the WE. Since the feedback depends only on the total
current density, and hence the average double layer potential, we are dealing here
with a global coupling or feedback.

In the potentiostatic case the feedback arises because a local change of ¢p; in-
duces a redistribution of the potential everywhere in the electrolyte, and, hence, also
at the position of the reference electrode if the reference electrode is placed some-

>If a Luggin-Haber capillary is used, (zrg, rre) would be at the end of the capillary; if the reference elec-
trode is in a separate compartment, it is at the connection between the main and the reference electrode
compartment.

°In some experiments the WE is grounded and the potential of the CE is controlled such that the po-
tentiostatic or the galvanostatic constraint is fulfilled. This problem is completely equivalent, and thus
everything we discuss here about the global coupling under potentiostatic or galvanostatic conditions holds
also in that case.
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Fig. 7. Potential profiles perpendicular to the WE with corresponding potential drops for two different
current densities (7! and 72) at the same value of the applied voltage U, demonstrating the origin of the
global coupling. (The potential parallel to the cell is assumed to be uniform.)

where between the WE and the CE. However, as soon as ¢|(2RE,rRE) changes, the po-
tentiostat changes the potential of the WE accordingly such that Eq. (28) is always
fulfilled (Fig. 7). If the potential at (zrg,rrg) is influenced by every position on the
WE in the same manner, it again depends on the average double layer potential and
the feedback is global. Such a situation exists only for thin ring electrodes if the RE
(or the tip of a Luggin—Haber capillary) is placed on the axis of the ring. Most of
the experiments, in which the impact of the position of the ring electrode on pat-
tern formation was investigated, have been carried out with such a symmetric set-up.
For all other electrode geometries and arrangements, in particular for all two-
dimensional WEs, ¢|(ZRE71'RE) is a function of a weighted average of ¢ . Positions at
the WE that are closer to the RE have a larger influence on ¢| . ..., than those that
are further away. In these asymmetric situations, the impact of the global feedback
on pattern formation is superimposed by an additional “asymmetry effect”. In the
remaining of this section we concentrate on the much better investigated and simpler
symmetric case.

Despite the similar origin of the global coupling in the potentiostatic and the
galvanostatic cases, there is an important difference between the two types of global
coupling. Let us first investigate the global coupling under potentiostatic conditions
in more detail. Let us denote the “uncompensated” resistance between the WE
and the RE by Runcomp, the “compensated” resistance between the RE and the CE
by Rcomp and the one between the WE and the CE by R = w/(A40) = Runcomp +
Reomp, where A is the area of the working electrode and w is a geometry factor de-
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pending on the particular cell geometry. The migration coupling density can then be
expressed as the sum of three terms (as shown in [41] this follows from Eq. (4b) in
Ref. [42]7 and was also derived employing the above-mentioned integral formulation
[35-37)):

¢
¥

0z

1 1 Rcomp / Rcell
- ¢|2:WE -
z=WE ARuncomp ARcell (1 - Rcomp/Rcel])

o(2-9)
oz w
With the first and the last terms we are already familiar. They describe the local
migration current density that would also flow in a homogeneous situation (or in the
respective point-like system) and the migration coupling, respectively. The second
term arises due to the global feedback. It obviously depends on the difference be-
tween the local value of ¢5; and the average double layer potential, {¢p; >, and thus
vanishes in a homogenous situation. The coefficient in front of this term is a measure

of the strength of the global coupling. It becomes zero if Reomp = 0, which is the case

when the RE is on the height of or behind the CE. In this situation, the potential of
¢WE

({¢pL> —4pL)

(30)
z=WE

the working electrode, , 1s fixed by the potentiostatic constraint, and conse-
quently also the global feedback is absent. In other words, the potential at the RE is
not influenced by any change of ¢y . The larger Reomp, that is the closer the RE is to
the WE, the stronger is the coupling. Whether global or migration coupling domi-
nates pattern formation depends on conductivity, cell resistance and compensated
resistance in a nontrivial manner.

Note that the local term depends through Ryncomp = Reell = Reomp On the com-
pensated and the cell resistance. Therefore, it is not possible to change the strength of
the global coupling without also changing the local dynamics.

Next, let us turn to the galvanostatic case. In the mathematical formulation the
global coupling due to the constant current constraint becomes especially transparent
when formulating the problem for the potentiostatic case with an external resistor in
series to the working electrode, as was done in Ref. [32]. The limit of infinite external
resistance and infinite voltage corresponds to the galvanostatic control mode,
whereby the finite ratio between the two quantities defines the preset current density.
The externally imposed voltage, U, is now composed of the potential drop across the
external resistor, the uncompensated resistance and the double layer. Assume that
the RE is far away from the WE, and thus the above-discussed global coupling is
absent. Then one can again write the migration current density in terms of a local
contribution and two contributions due to the spatial coupling, originating from the
global coupling owing to the external resistance, R.c, and the migration coupling,
respectively [10-32, 37]:

"Note that Eq. 4b in Ref. [42] is identical to Eq. 4a and thus it is correct. However, the term that is
claimed to describe the migration coupling does not vanish in a homogeneous situation and its interpreta-
tion is thus erroneous.
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When varying the external resistance between 0 and infinity, that is when going from
the potentiostatic control (with the RE far away from the WE) to the galvanostatic
limit, the strength of the global coupling varies between 0 and (1/ARc) = a/w.
Hence, it is most pronounced for high electrolyte conductivity or a close distance
between the working and the counter electrodes. Since the strength of the migration
coupling is also proportional to the electrolyte conductivity, the global coupling will
dominate pattern formation the more the closer the WE and the CE are. Again we see
that because global coupling and migration coupling depend both on the cell geom-
etry in a functionally different manner, their relative contribution has to be carefully
determined for each electrochemical cell. Pattern formation might differ from cell to
cell even if the WE and the composition of the electrolyte are the same.

When comparing the two global coupling terms in Eqs. (30) and (31), it is ap-
parent that they are transformed into each other when setting Rex = —Rcomp. This
means that the compensated part of the electrolyte resistance acts exactly like an ex-
ternal ohmic resistor with a negative resistance of the same magnitude would do.
Furthermore, the negative sign of the resistance in the latter case changes the sign of
the global coupling term, which leads to exactly the opposite repercussion on pattern
formation. For a positive global resistance, Rex, and thus also under galvanostatic
control, the global coupling acts in a synchronizing manner, as also migration cou-
pling does: differences between the local value of the double layer potential and the
average value are damped by the coupling. In contrast, when the global resistance
is negative, any difference between the local values of ¢, and {¢p; > become en-
hanced. Thus, the global coupling acts toward a destabilization of homogeneous
states. It is thus desynchronizing and strongly promotes pattern formation. Thus
synchronizing and desynchronizing global coupling, which are also termed positive
and negative global coupling, respectively, have a complementary impact on pattern
formation. We will demonstrate this below with many experimental examples.

When defining a global resistance Rg, with Rg = Rex — Reomp, We arrive at a
more general formulation that incorporates both a close reference electrode and an
additional external resistance. In this case the global coupling term becomes

1 RG/Rcell
ARcell (1 + RG/Rcell)

({¢pL> — ¢pL)- (32)

3 Homogeneous Dynamics

In the preceding section we discussed the spatial coupling in electrochemical systems,
which possesses several peculiar features. Its interplay with the homogeneous dy-
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namics manifests itself in distinct and unusual patterns. Thus, before reviewing these
patterns, it is useful to examine the characteristics of the homogeneous systems,
which is the subject of this section.

In all the electrochemical oscillators we consider here, the electrode potential is
an essential variable. Hence, also the nonlinear phenomena of the homogeneous
systems are decisively determined by the evolution equation for ¢, which in turn
depends on a delicate interplay of the interfacial kinetics and properties of the exter-
nal electrical circuit. The interfacial kinetics of all electrochemical systems that ex-
hibit nonlinear phenomena possesses one common property, namely a negative dif-
ferential resistance (NDR) in the current-potential characteristic. The most frequent
type of NDR is the so-called N-NDR, which is associated with an N-shaped current-
potential curve. The other type of NDR systems possesses an S-shaped I/¢p; char-
acteristic and for this reason has been abbreviated S-NDR system. As will be
discussed below, in N-NDR systems the double layer potential takes the role of the
activator, i.e. the corresponding evolution equation possesses an enhancing, positive
feedback. In contrast, in S-NDR systems ¢ is the negative feedback variable, i.e.
the inhibitor. Thus, in these two classes of electrochemical systems the mechanistic
role of the variable on which migration and global coupling act is different, giving
rise to contrasting spatiotemporal behaviors.

In the following the dynamic properties of N-NDR and S-NDR systems are
compiled. We start out by reviewing causes for the occurrence of an N-shaped
current-potential curve. Subsequently, the conditions for bistability in one-variable
N-NDR systems are discussed. Then, two classes of N-NDR oscillators with dy-
namically different behaviors are introduced and finally the properties of S-NDR
systems are summarized. For both types of NDRs, the most important representa-
tives of the classes are reviewed, whereby the very recent examples that are not dis-
cussed in earlier review-type articles as well as those systems with which most of the
spatial measurements were done are in the foreground.

3.1 N-NDR Systems: The Electrode Potential as
Autocatalytic Variable

3.1.1 Causes for the Occurrence of a Negative Differential Resistance (NDR)

By far most electrochemical instabilities are associated with an N-shaped dependence
of the current on the electrode potential. In fact, an N-type NDR forms very easily,
and its abundant occurrence is also the reason why oscillations are so frequently en-
countered in electrochemical systems. The possible origins for an N-NDR were dis-
cussed in a concise way by Koper and we follow essentially the argumentation from
Ref. [8]. Starting from a general expression for the reaction current

Iicac(¢pr) = nFA(¢pr)c($pL)k($pr) (33)

where n is the number of electrons involved in the charge-transfer process, F
Faraday’s constant, 4 the available electrode area, k the rate constant, and ¢ the
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concentration of the reacting species at the electrode (i.e. at the location of the reac-
tion), the faradaic impedance Z is given by

B dlieac(dpr) ( dA dk de )
Zp l = e\DL) e ok + Ac + Ak . 34
i ddpy dpp.  dépL ddpe (34

From Eq. (34) it follows that there are three possible origins for a negative imped-
ance: (1) dA/d¢p; <0, (2) dk/dpp <0, and (3) dc/ddp; < 0. For all three cases
there are numerous experimental examples.

(1) The available electrode area decreases with increasing polarization if a potential
dependent adsorption of a species occurs that completely inhibits the reaction
and the extent of the adsorption increases with increasing overpotential for the
reaction. The most prominent example of such an “electrode poisoning” is the
formation of oxide layers in many metal dissolution reactions [43]. But also
the adsorption of anions or cations (which might be discharged upon adsorption)
can completely inhibit a reaction. One recent example involves the inhibition of
H,0, reduction by upd hydrogen adsorption on Pt [44—46].

(2) The decrease of the electron transfer rate with increasing polarization can have
two different origins: It can be caused by adsorbates that do not totally inhibit a
reaction (in which case (1) would apply), but increase the activation energy for
the reaction. Extensively studied examples are the reduction of metal ions in the
presence of organic agents [47-49]. Furthermore, the negative sign of the poten-
tial dependence of the rate constant can also be the result of the potential-
dependent desorption of a catalyst. The most famous and by now classical ex-
amples falling into this category are irreversible reduction reactions at Hg that
are made reversible in the presence of halides or halide-like anions such as thio-
cyanate reduction [47-52]. More recently, it was discovered that during H,O,
reduction on Ag and Pt adsorbed OH, which is a reaction intermediate, has a
catalytic effect for H,O, reduction [45, 53-57]. Since the OH coverage of the
electrode decreases with increasing overpotential, this autocatalytic rate en-
hancement gives rise to an N-NDR in the polarization curve.

(3) The decrease of the concentration of the electroactive species with increasing
potential has to be attributed to double layer effects. As first pointed out by
Frumkin [58], in dilute solutions the electron transfer rate is affected by varia-
tions of the potential in the double layer in two ways. The potential in the outer
Helmbholtz plane, ¢,, is due to the extension of the double layer not identical to
the potential in the solution (at the end of the double layer), so that the effective
driving force of the reaction is ¢ p; — ¢,. Furthermore, the concentration of ionic
reactants in the reaction plane, ¢, is influenced by electrostatic effects and differs
from the concentration just outside the double layer, ¢y, by a Boltzmann term:

¢ = coexp(—nF¢,/RT) (35)

where n is the (signed) charge number of the electroactive species. Hence,
dc/d¢$ . can become negative if cations (positive n) are oxidized positive to the
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point of zero charge (pzc) or anions are reduced negative to the pzc at low ionic
strength. (For high ionic strength, ¢, becomes negligible.) There are numerous
examples of an N-NDR during anion reduction and cation oxidation in the
literature; many of them are compiled in Ref. [59]. The best known of these
reactions is perhaps the reduction of peroxodisulfate, studied thoroughly by
Frumkin and his school [60, 61] and later with the aim of formulating quantita-
tive conditions for the occurrence of nonlinear phenomena by Wolf et al. [62].

3.1.2 Bistability

The simplest nonlinear phenomenon is bistability of stationary states. It arises
already in one-variable systems. In N-NDR systems this variable is the double layer
potential, ¢, and bistability is encountered under galvanostatic control and under
potentiostatic control if the electrolyte resistance exceeds a critical value.

Bistability arises in N-NDR systems because the middle branch of an N-shaped
polarization curve, i.e. the “NDR-branch”, gives rise to a positive feedback under
current control or under potential control provided Rg exceeds a critical value. This
can be seen easily. Suppose one can prepare the system in a state on the middle
branch of the I /¢, curve. Then, a small fluctuation of ¢y, to larger values causes a
decrease of the current. In a galvanostatic experiment, this prompts a further increase
in ¢ that initially leads to yet a smaller current. Thus, the fluctuation is enhanced,
growing “‘autocatalytically” until the system reaches a state on the outer branch of
the N, which possesses a positive slope. In very much the same way a fluctuation to
lower potentials is enhanced until the system reaches the other outer branch. This
simple consideration already reveals that the NDR-branch is always unstable, and
thus not accessible, in a galvanostatic experiment. Rather, depending on the sign of
the fluctuations (or on the initial conditions) the system acquires either a state on the
positively sloped branch at low double layer potential or a state on the corresponding
branch at high double layer potential. Hence, the system is bistable.

Consider the situation under potentiostatic conditions. Here, the potential control
takes care that the sum of the potential drop across the double layer, ¢, and
through the electrolyte up to the position of the RE (and possibly additional external
series resistances) is constant, i.e. that U = ¢, +1*Rq or I = (U — ¢p;)/Ra. Ra
is the sum of the uncompensated cell resistance and possible external resistances and
I the total current through the cell. Hence, a perturbation of a state on the NDR
branch towards larger values of ¢, causes, on the one hand, a decrease of the
faradaic current I, and, on the other hand, a decrease of the current through the
electrolyte, 7. The charge balance through the cell, which can be readily obtained
from the general equivalent circuit of an electrochemical cell (Fig. 8), tells us whether
the fluctuation is enhanced or decays:

CA@ = —Ir(¢pL) +1=—1r(¢pL) +U;272DL-

0 (36)
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Fig. 8. General equivalent circuit of an electrochemical
cell. C: double layer capacitance; ¢ : potential drop
across the double layer; Zp: faradaic impedance;
Rgq: series resistance (comprising the uncompensated
ohmic cell resistance and all external resistances). U is a
potentiostatically fixed voltage drop. (It differs from
the potentiostatically applied voltage by the constant
potential drop across the RE; see footnote 3).
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If the decrease of the faradaic current exceeds the decrease of the total current, ¢ is
driven towards larger values and the fluctuation is enhanced, otherwise it decays.
Thus, whether the state is stable or not depends on the value of the ohmic resistance.
For a sufficiently large resistance, states on the NDR branch are unstable and the
system is again bistable. For vanishing resistance states on the NDR branch are sta-
ble and the system possesses a unique steady state. Recalling that the galvanostatic
control mode is the limiting case of the potentiostatic control mode for (Rq, U) —
oo with the preset current / given by the finite ratio of U and Rg, it is clear that when
starting with the galvanostatic case and lowering R there will be a transition be-
tween a bistable and a monostable U/I curve.

If a qualitative change in the dynamic behavior is encountered when varying one
parameter, a bifurcation occurs. The border between monostable and bistable be-
havior is formed by saddle-node (sn) bifurcations. At an sn bifurcation, two station-
ary states merge at the bifurcation point, disappearing when the parameter is
changed in one direction and separating when it is changed in the other direction. In
Fig. 9a, an sn bifurcation corresponds to the degenerate case where the load line,
defined by I = (U — ¢p1)/Rq, and the current-potential characteristic coincide in
two points. From a linear stability analysis of Eq. (36) it can be readily shown that at
a saddle node bifurcation [8]

. oI
|Zr| = Ro and Zp < 0,with Zp = £ (37)

oL lg,

where Zr denotes the (zero frequency) faradaic impedance. Within the bistable re-
gion, for a stationary state on the NDR branch, ¢3;, Zr is smaller than the ohmic
resistance: |Zp (4¢3 )| < Ra. Figure 9(b) illustrates how a current-voltage curve looks
like for a system with an I /¢, characteristic as shown in Fig. 9a and an overcritical
ohmic resistance. At the saddle node bifurcation, the system jumps from one outer
branch to the other; the middle branch is not accessible.

For a given N-shaped 7/¢p; curve, there are two parameters that determine the
bistable region, R and U. In the U/Rq parameter diagram, this region becomes
broader while shifting toward larger values of U for increasing Rg, irrespective of
the electrochemical reaction (Fig. 9c¢).
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a

Fig. 9. (a) N-shaped current-potential curve and load lines (resulting from the external circuit) for three
different values of the external voltage, U. The intersection of both curves are steady states. The two outer
load lines mark the border of the bistable regime. (b) Bistable region in a current vs. external voltage plot
referring to the situation shown in (a). (¢) Location of the saddle-node bifurcation separating monostable
and bistable regions in the U/Rq parameter plane. (sn = saddle-node bifurcation).

3.1.3 N-NDR Oscillators

Whenever there is at least one additional slow process that introduces a negative
feedback loop into a system that possesses also an N-NDR, i.e. a fast-destabilizing
feedback loop with ¢ being a member of this loop, there is a parameter range for
which the system exhibits sustained oscillations. According to the mechanistic fea-
tures of the negative feedback, two types of oscillators are distinguished, which are
termed N-NDR and HN-NDR oscillators [63, 64], or according to earlier notations
NDR and HNDR oscillators [10, 12], class 2 and class 3 oscillators [11], as well as
class 3 and class 4 oscillators [12], respectively. We use here the terminology N-NDR
and HN-NDR systems exclusively, since, as will become obvious below, it is the
most intuitive one. An apparent difference between the two system types is that
HN-NDR systems oscillate under voltage and current control, whereas N-NDR
oscillators oscillate only for a fixed outer voltage. In this subsection we discuss the
characteristic properties of N-NDR oscillators, and in the next subsection those of
HN-NDR oscillators.
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3 / 1 oscillator (a) under strictly potentiostatic con-
! ! ! ditions; (b) under potentiostatic control with a
finite electrolyte resistance; (c) under current
U control.

Let us start by summarizing the principle characteristics of N-NDR systems.
N-NDR systems possess:

(a) an N-shaped current-potential curve for vanishing ohmic resistance Rq (Fig.
10a);

(b) oscillations around a branch of negative slope for intermediate values of Rq
(Fig. 10b); and

(c) bistable behavior under current control and for large values of the electrolyte
resistance (Fig. 10c).

Mass-transport Limited Negative Feedback

The perhaps simplest mechanism that complies with these features invokes a change
transfer reaction possessing an N-shaped current-potential characteristics and trans-
port limitation of the reactive species. The negative feedback loop results from the
dependence of the current density on the concentration and the potentiostatic opera-
tion mode: consider again a stationary state on the NDR branch. A fluctuation of
¢p to larger values causes a decrease of the faradaic current, such that the replen-
ishment of the concentration of the reactive species in front of the electrode due to
mass transport (for example diffusion) is larger than its consumption by the reaction.
A larger concentration, however, leads to a larger faradaic current such that under
potentiostatic conditions, where U = ¢ + IRq, ¢pr is lowered again; its further
growth is inhibited by the induced variations of c.
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A general mathematical formulation and a detailed analysis of the dynamic be-
havior of this mass-transport induced N-NDR oscillations were given by Koper and
Sluyters [8, 65]. The concentration of the electroactive species at the electrode de-
creases owing to the electron-transfer reaction and increases due to diffusion. For the
mathematical description of diffusion, Koper and Sluyters [65] invoke a linear diffu-
sion layer approximation, that is, it is assumed that there is a diffusion layer of con-
stant thickness, and the concentration profile across the diffusion layer adjusts in-
stantaneously to a linear profile. Thus, they arrive at the following dimensionless set
of equations for the double layer potential, ¢;, and the concentration at the elec-
trode, ¢

dgpr _ 17 U—4éoL
W (38a)
dc T <
T —ck'(¢pL) +1 ¢, (38b)

where the tilde denotes again that the corresponding quantities are dimensionless.
For their scaling, see [8].

The dynamic behavior of this system was examined using linear stability analysis
[8] and is thoroughly discussed in the review articles [9, 10]. The results can be best
summarized in a so-called two-parameter bifurcation diagram, in which, similar to
phase diagrams, regions with qualitatively different behavior (states) are indicated.
The dominant regimes of the N-NDR oscillator (Egs. (38a,b)) are depicted in Fig. 11

RQ bistable

Fig. 11. Two-parameter skeleton bifurcation diagram of the N-NDR oscillator model (Egs. 38a,b) in the
U/Rq parameter plane. Solid line: location of saddle node bifurcations; dashed line: location of Hopf bi-
furcations.
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in the U/Rq parameter plane. Bistable behavior is found in a V-shaped region,
which lies diagonally in the voltage/resistance plane and opens toward large values of
R and U. Oscillations are mainly found at smaller values of U and R, in a region
that loops around the tip of the V. Qualitative changes in the dynamics are called
bifurcations and the parameter points at which they occur are bifurcation points. The
line separating monostable and bistable behavior (solid line in Fig. 11) marks saddle-
node bifurcation points (see also Section 3.1.1). The boundary to the oscillatory re-
gion is formed by Hopf bifurcations (dashed line). At a Hopf bifurcation the stability
of a stationary state changes and a periodic orbit or limit cycle is born. A limit cycle
is a closed loop in phase space toward which neighboring phase space points are
attracted or from which they are repelled. If all neighboring points are attracted to
the limit cycle, it is stable; otherwise, it is unstable (see Ref. [3]). The periodic orbit
emerging from a Hopf bifurcation can be stable or unstable. In the N-NDR oscilla-
tor, for most parameter values for which the Hopf bifurcation loops around the tip
of the bistable region, stable limit cycles emerge in the Hopf bifurcation. For a given
N-shaped k(¢ ), Egs. (38a,b) depend not only on Rg and U but also on ¢, which
describes the ratio of the times scales of potential and concentration changes. As
already mentioned above, it is well known from the theory of activator-inhibitor
systems that oscillations occur only if the characteristic time of the activator variable
is shorter than the one of the inhibitor, i.e. the activator has to be the fast variable.
Hence, to observe oscillations, ¢ should be sufficiently small, which is usually fulfilled
in N-NDR systems.

The qualitative locations of Hopf and sn bifurcations are universal for all
N-NDR systems, and the three main features of these systems, which were summar-
ized above, can be directly read from the diagram (Fig. 11): For vanishing resistance,
i.e. Rg — 0, the system is monostable and the current-voltage curve looks like the
one in Fig. 10a. For an intermediate external resistance, we cross the Hopf bifurca-
tion twice when varying U. A steady state that is destabilized in a Hopf bifurcation
lies always on the NDR branch, resulting in a cyclic voltammogram as shown in Fig.
10b. And finally, at very large values of Rgq, the two saddle-node bifurcations that
encompass the ends of the hysteresis in a stationary current-voltage measurement, lie
very far apart, ensuring an increasingly broader hysteresis in the cyclic voltammo-
gram for an increasing Rg. Since the line of Hopf bifurcations ends at some inter-
mediate values of Rg (one end meets the sn at the left side of the V; the other, out-
side the parameter range shown), oscillations do not exist under galvanostatic
conditions under which the system always exhibits bistability (Fig. 10c).

Bifurcation Analysis Employing Impedance Spectroscopy

Experimentally, a corresponding bifurcation diagram can be constructed by measur-
ing cyclic voltammograms at a very slow scan rate for various values of the Rq (most
conveniently by employing an external resistor) and plotting the voltage values of the
beginning and the end of the oscillatory region and the bistable behavior in a U/R-
diagram. However, as Koper pointed out [9, 11] there is a more elegant way to ex-
perimentally determine the location of saddle-node and Hopf bifurcations employing
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impedance spectroscopy. A system’s frequency response over a sufficiently broad
frequency range contains all the linear information about the system, and thus also
about the (linear) stability of its steady states, the quantitative relation between the
stability of the systems and the frequency response going back to Nyquist [66]. At a
local bifurcation, small perturbations are neither enhanced nor damped (in the linear
approximation). Hence, when driving the system externally with its eigenfrequency
the system has zero real and imaginary impedance, and the intersection of the im-
pedance spectrum with the origin of the complex plane indicates a bifurcation. If the
intersection occurs at a finite perturbation frequency , the system exhibits a Hopf
bifurcation; if the impedance spectrum ends in the origin for zero perturbation fre-
quency, the system exhibits a saddle-node bifurcation [9, 11]. Under galvano-
static control, a more convenient way to formulate the criteria for the detection
of bifurcations employs the admittance Y (w) = dI /d¢p;, which becomes zero at a
bifurcation. Hence, in summary [11]: “Under potentiostatic control

— a saddle-node bifurcation occurs if Z(w) = 0 for @ = 0; and
— a Hopf bifurcation if Z(w) = 0 for v = wy # 0.

Under galvanostatic control, an electrochemical system exhibits a

— a saddle-node bifurcation if Y (w) = 0 for w = 0; and
— a Hopf bifurcation if Y (w) =0 for w = wy #0.”

There is one further important practical aspect that has to be considered when taking
this approach to performing an experimental bifurcation analysis: impedance mea-
surements can only be carried out with stable stationary states; it is not feasible to
measure unstable stationary states, or states close to a bifurcation. However, as we
discussed above, N-NDR and HN-NDR systems become unstable due to ohmic
losses in the circuit, whereas they are always stable for vanishing Rg. Being aware
that an ohmic series resistor causes only a horizontal shift of the impedance spectrum
in the complex plane, it is apparent that it is possible to infer about the existence of
bifurcations from impedance measurements at sufficiently low solution resistance (or
when invoking an /R-compensation, an option many potentiostats provide). This is
illustrated with the schematic impedance spectrum shown in Fig. 12, which depicts
a typical impedance spectrum of an N-NDR system. The spectrum possesses two
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(Oé&_/ Re 4 Fig. 12. Schematic impedance behavior of an

N-NDR system for a (stable) steady state on the
NDR branch.
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intersections with the negative real impedance axis, one at a finite and one at zero
excitation frequency. For this particular situation, the system exhibits a Hopf bifur-
cation for a resistance Rg = Zj(w;,), whereby the oscillations emerge with the per-
turbation frequency wj. The resistance Zg, is exactly equal to the inverse slope of
steady-state polarization curve (see Eq. (37)). Moreover, upon insertion of an ohmic
resistance Ry,, the impedance spectrum terminates in the origin of the complex plane
and thus, at this particular combination of external voltage and cell resistance, the
system undergoes a saddle-node bifurcation. Since the relation between impedance
spectra and local bifurcations has been established, the power of impedance analysis
for investigating local bifurcations has been exploited frequently, and quantitative
relations between the width of the oscillatory region and the series resistance were
established and helped clarifying apparent discrepancies between results obtained in
different laboratories [67].

Experimental Examples for Mass-Transfer Limited Oscillations

For the oscillations we have discussed so far, the only requirement on the interfacial
kinetics of the system is that it possess an N-NDR. Oscillations come into play as a
result of the interplay of the interfacial kinetics with ohmic losses and transport lim-
itations. Hence, for nearly every electron-transfer system that possesses an N-NDR,
conditions can be set up under which stable limit cycles exist, and many experimen-
tally observed oscillations could be traced back to this mechanism. Overviews of
these experimental systems can be found in Refs. [9, 10, 68]. Here we compile only a
few examples. Figure 13 shows experimental cyclic voltammograms of the reduction

o L
: T
£ ! =| -~
o =02k ! I
Q2 -02 S 20Hz -7
L bl e
o 1 e ————— el
= -03F : : P
i ! 40Hz .-
[] i -
] I —
. SIS
-04f et
1 1 1 [l [l 1 1

L

-20 18 16 -4 12 -10 -08 -06 -D4 -02
Ugyt vs. SCE [V]

Fig. 13. Current-voltage curves of a rotating Ag electrode in a solution containing 1 mM Na,S,0s and 0.5

mM Na,SO4 (pHS) at three different rotation rates, f, of the electrode: solid line, f = 5Hz; long-dashed
line, f = 20Hz; short dashed line, f = 40Hz [166].
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of S,052" at a rotating Ag electrode for three different rotation rates. For high
rotation rates, and thus an effective mass transport, the system exhibits bistable be-
havior. The width of the bistable region becomes smaller and shifts towards more
positive voltage for decreasing rotation rates. Finally, for the slowest mass transport,
the system exhibits oscillations around the branch that has a negative polarization
slope. These dynamic features are in agreement with the simple N-NDR oscillator
model based on transport limitation, suggesting strongly that they are indeed the re-
sult of the interaction of the N-shaped current-potential curve (arising due to double
layer effects), the external electric circuitry and slow transport [62].

Other quite recent examples stem from the reduction of H,O, on Ag and Pt
electrodes. On Ag [53, 54] as well as on atomically flat Pt(111) electrodes [56, 69]
adsorbed OH,4 was proved to act as a catalyst for H,O, reduction. In the course
of the normal reduction of H,O,, the unstable species OH,4 is produced as an inter-
mediate:

H20; + H' + % + ¢~ % OHuq + H,0 (R3.1)
OH + H' + ¢ 2 % +H,0 (R3.2)

In a parallel reaction the adsorbate, OH,q, acts as a catalyst for the H,O, reduction
and is thus an autocatalytic species:

H,0; + H + OHyg + * + ¢~ —% 20H,q + H5O. (R3.3)

Since OH,q desorbs with increasing overpotential (i.e. increasing negative charge on
the electrode), the reaction rate shows a maximum at some intermediate value of the
overpotential manifesting itself in an N-NDR in the current potential curve. A cyclic
voltammogram of the reduction of H,O, on a rotating Ag electrode is reproduced in
Fig. 14a. It exhibits a pronounced N-NDR around which the system oscillates.

The impedance spectrum shown in Fig. 14b has exactly the characteristics typical
for N-NDR oscillators. It intersects the real axis at negative values at finite pertur-
bation frequency; the form of the impedance curve at low frequency suggests that it
also terminates on the negative real impedance axis at larger absolute impedance
values indicating that the system is bistable at higher electrolyte resistance. Current-
voltage plots and impedance measurements could be well reproduced with a model
based on the mechanisms (R3.1-3.3) and taking into account the diffusion of H,O,
[53, 54].

During H,O; reduction on Pt in acidic solutions Nakato and colleagues observed
an extremely rich dynamic behavior [44-46, 55-57, 69—73]. In part this can be traced
back to the existence of two distinct NDR regions, which can be seen in the cyclic
voltammogram obtained on atomically flat Pt(111) for a low concentration of H,O,
(Fig. 15). The N-NDR at more negative values of the potential (between 0.1 and 0 V
vs. NHE) is caused by the inhibition of H,O, reduction due to underpotentially de-
posited hydrogen. The second N-NDR region around 0.25V vs. NHE is due to the
above-discussed autocatalytic effect. On Pt, however, the autocatalytic effect is only
pronounced on atomically flat (111) surfaces. It disappears when a Pt(111) electrode
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Fig. 14. (a) Cyclic voltammogram of the reduction of 0.02 M H,0; on a rotating Ag(pc) in 0.1 M HCIOy;
scan rate 50 mV s~!. (b) Impedance spectrum in the complex impedance plane of Ag(pc) in the same
electrolyte measured at Esysg = —0.20 V and a rotation speed lower than in (a) where the NDR branch is
stable. Numbers indicate the frequency v. (Reproduced from C. Eickes, K. G. Weil and K. Doblhofer,
PCCP 2 (2000), 5691-5697 by permission of The Royal Society of Chemistry on behalf of the PCCP
Owner Societies.)

is roughened by oxidation-reduction cycles and is absent on the other low-indexed
single crystal faces and on polycrystalline Pt. Nakanishi et al. [69] attribute the au-
tocatalytic effect of OH™ to the fact that, once OH,q is formed, it polarizes the
neighboring Pt atoms positively. This promotes the O-O bond cleavage at these
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Fig. 15. Current density vs voltage curves for an atomically flat Pt(111) electrode. (a) 0.2 M H,0; + 0.3 M
H,S0y; scan rate: 10 mV s~!. (b) 1 M HyO, + 0.3 M H,SOy; scan rate: 5 mV s~!. (Reproduced with
permission from S. Nakanishi, Y. Mukouyama, K. Karasumi, A. Imanishi, N. Furuya, Y. Nakato, J.
Phys. Chem. B 104 2000, 4181-4188, © (2000) American Chemistry Society.)
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positively polarized sites (given that H,O, adsorbs with the oxygen atoms directed
toward the Pt surface.) The authors explain the missing catalytic effect on the other
Pt surfaces with the smaller number of “pairs of Pt atoms” adjacent to an adsorbed
OH species. It is interesting to note that the NDR is strongly enhanced when adding
small amounts of iodide to the electrolyte showing an extension of its region toward
positive potential, and giving also rise to a considerable NDR (and also oscillations)
on Pt(100). The explanation is again through the polarization of Pt atoms in the next
neighborhood to adsorbed iodine.

When increasing the H,O, concentration around both NDR branches, stable os-
cillations occur (Fig. 15b), in accordance with the properties of model Eq. (38a,b).
The authors termed the limit cycles around the more negative N-NDR oscillations
A, the ones around the positive N-NDR oscillations E. Both oscillatory regions were
also obtained in a model based on the mechanistic steps discussed above as well as
further reaction steps that improve the quantitative agreement between experiments
and simulations [69] but do not introduce qualitatively new features compared to our
model. Below we discuss other results by Nakato and colleagues that exemplify the
type of mechanistic ingredients necessary to turn an N-NDR into an HN-NDR, and
thus to qualitatively change the dynamics of the electrochemical system.

Restrictions of the Two-Variable Model

Despite of the great success of the linear diffusion layer model in predicting simple
periodic oscillations nearly quantitatively in many systems, one should be aware that
it is a simplification that in some parameter ranges fails to reproduce even qual-
itatively the dynamics which is obtained when the original diffusion equation is taken
into account. Instead of an instant approach of the linear steady-state concentration
profile, curved profiles will establish due to a delayed response of the diffusion layer
to concentration changes at the electrode. As Koper and Gaspard [50] showed, this
delayed response manifests itself in an additional degree of freedom in the dynamics
and more complex oscillation, such as chaotic or mixed-mode oscillations, may arise
where simple oscillations are obtained with the original model [50, 51, 74, 75].
Qualitatively, the intricate sequences of complex oscillations, which characteristically
occur close to the onset of oscillations and cover only a small fraction of the total
oscillatory region, are already captured when introducing a second diffusion layer.
Thus, all the oscillators considered so far will show complex motions in some
parameter ranges that are caused by the slow transport; further interfacial processes
are not involved. (Of course, such processes that bring about additional complex
oscillations might also exist.)

Restrictions of Alternative General Definitions of N-NDR Oscillators

N-NDR oscillations can also arise due to mechanistic steps other than transport
limited diffusion. Strasser et al. [12] make an attempt to formulate “necessary and
sufficient mechanistic ingredients of N-NDR oscillators”. According to their defini-
tion, the common features of these mechanisms are that
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(a) the slow species, such as the concentration of a reactive species in the reaction
plane or the coverage of an adsorbate, is consumed by all principal charge trans-
fer processes and it is replenished by potential-independent processes [in the above
model, this step is diffusion]; and

(b) at least one of the charge transfer processes exhibits an N-shaped 7/¢; profile.

However, these criteria are not as general as claimed by the authors. As is demon-
strated in the next section, metal dissolution reactions that oscillate at the active
passive transition possess all the characteristics of N-NDR oscillators, but do not
comply with Strasser et al.’s mechanistic ingredients. Hence, the above conditions (a)
and (b) are sufficient, but not necessary.

Oscillations at the Active|Passive Transition in Metal Electrodissolution

The perhaps best-known electrochemical oscillations at all are those occurring at the
active/passive transition of metals. Intense investigations of their dynamic behavior
were initiated by Ostwald at the beginning of the twentieth century [76—78] and put
forth by Bonhoeffer [79-81] and Franck [82—86] with remarkable success, given that
at that time the modern concepts of nonlinear dynamics were not yet developed.
Franck, in collaboration with FitzHugh [86], also formulated the first mathematical
description of an electrochemical oscillating reaction, namely the oscillating iron
dissolution in sulfuric acid. Although Franck and FitzHugh were mistaken in some
features of the model, most importantly the positive feedback mechanisms [87],
which is in the original model of chemical nature, but was shown to be due to ohmic
losses in connection with an N-shaped polarization curve [88], their most important
idea concerns the origin of the negative feedback loop, which is still believed to be
correct. It involves the shift of the Flade potential, i.e. the equilibrium potential of
the oxide formation, due to changes in the surface pH.

A useful starting point of a discussion of the fundamental mechanism that is
believed to produce oscillations at the active/passive transition of many metal disso-
lution systems, among them iron dissolution in H,SO4, Co dissolution in H3POy4 [89,
90], or Zn dissolution in NaOH [91] is the cyclic voltammogram shown in Fig. 16. It
was obtained during the anodic polarization of Fe in sulfuric acid. At low over-
potentials the electrooxidation of the electrode follows Tafel’s law with an exponen-
tial relationship between current and electrode potential. Positive to the Tafel region,
a mass-transfer limited region follows in which the current is independent of the ap-
plied voltage. The transport limitation is caused by the precipitation of a FeSO, film,
which keeps the Fe?* ion concentration in front of the electrode below a threshold.
When the potential exceeds a critical value, the formation of iron oxide sets in, which
causes a transition from the active dissolution state to a passive state in which the
electrode is covered by a nearly perfectly insulating oxide film. Russel and Newman
[88] presented experimental evidence that when correcting for the IR-drop in the
electrolyte, the steady-state polarization curve is single-valued, possessing a region
with a steep NDR. Owing to the steepness of the NDR, which is a caused by the high
reaction rates, the NDR region is destabilized already in concentrated acidic sol-
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Fig. 16. Cyclic voltammogram of Fe in 2N H,SOy; scan rate 0.5mV s~!. (Courtesy of J. L. Hudson.)

utions. According to the ideas of Franck and FitzHugh, the high reaction rate in the
active state causes protons to migrate from the surface to such a degree that the pH
at the surface becomes considerably higher than in the bulk solution. When the
active electrode experiences a transition into the passive state, the proton concentra-
tion will attain its bulk value again by back-diffusion of H*. The potential at which
the oxide film forms depends on the electrode surface pH according to the reaction

+2nH" + 2ne”, (R3.4)

Me + nH,O i—”» [MeO,], 4
where Me stands for “metal”, and [MeO,] is the passivating oxide layer. Thus, at a
low pH (and hence in the passive state) the equilibrium potential of reaction (R 3.4),
which is also known as the Flade potential, Up, is more anodic than at high pH, that
is in the active state. In this mechanism, the proton concentration in the reaction
plane provides the negative feedback that, together with the autocatalysis caused by
the N-NDR, gives rise to oscillations.

The simplest model describing the active/passive oscillations is used by Birzu et
al. [27-29] to model spatiotemporal patterns during metal dissolution (see Sec. 4.1).
The homogeneous dynamics of the model reads:

ca®L _ pp o (U dol) (39)
dt R

de 2D 2Fupc U — ¢pp

dr o2 (e=a)+ 0 wo (39b)

Here, c is the surface concentration of protons, J the Nernst diffusion layer thickness,
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uy the mobility of protons and w the distance between the working and the reference
electrodes. The other symbols have the same meaning as above. Obviously, this
model is based on many simplifications, the most important ones being: a) a steady-
state approximation of the oxide coverage can be made such that k(¢ ) exhibits a
steep decrease at some value of ¢ ; b) the influence of the salt film [different from
giving rise to a mass-transport limited plateau which is included in the functional
dependence of k(¢ )] on the reaction current can be neglected. This includes the
neglect of any ohmic resistance of the salt film; c) the metal ion concentration in
front of the electrode can be neglected; and d) the system is strictly electroneutral,
which also implies that the conductivity is uniform within the electrolyte. Because of
the large current densities, this seems to be the most questionable simplification.
However, the good agreement between the qualitative dynamic behavior of experi-
ments and calculations on the one hand, and the much larger complexity a more re-
alistic and quantitative model would require, seem to justify this approach.

A refined model that takes into account a simple kinetics for the formation of the
salt layer, leading to a refined description of the dissolution rate, as well as the
change of the surface metal ion concentration with time due to salt layer formation,
its dissolution and migration of the metal ions, was proposed by Koper and Sluyters
[87]. It improves the quantitative description and removes some of the critical (since
not strictly physical) assumptions from above. However, the positive and the basic
negative feedback loop®, and thus the heart of the model, are identical to the ones in
the simplified model. For this reason we refrain from discussing the model in more
detail. However, notice that the objections against model II in [87] do not apply to
Eq. (39). In model II it was assumed that the protons carry all the current, which
caused negative surface proton concentrations in certain phases of the oscillations, a
clearly unphysical solution. In Eq. (39) the migration current is formulated through
the mobility and the concentration of protons, which excludes negative surface con-
centrations a priori.

3.1.4 HN-NDR Oscillators

The second class of systems, in which the positive feedback arises due to an
N-shaped current-potential curve, is called hidden N-NDR (HN-NDR) class, for
reasons that become clear soon. Let us again start our discussion of their dynamic
behavior by compiling the crucial properties of HN-NDR system:

(a) In HN-NDR systems the branch of interest of the stationary I/¢p; curve pos-
sesses a positive slope®, i.e. for vanishing ohmic series resistance, all states on this
branch are unconditionally stable (Fig. 17a) and the zero frequency impedance,
Z(w = 0) is strictly positive (Fig. 17d);

8This three variable model contains a second feedback loop, which manifests itself in the occurrence of
mode oscillations.

9This branch is often adjacent to an N-NDR branch, which is, however, not necessary for the dynamic
behavior of HN-NDR systems.
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(b) Current oscillations occur around a branch of positive slope if the ohmic series
resistance, Rq, exceeds a critical value, Rq ¢t (Fig. 17b). The oscillations are the
manifestation of a negative real faradaic impedance, Re(Z(w)) < 0, for a finite
excitation frequency w (Fig. 17d); and

(c) HN-NDR systems oscillate under galvanostatic control (Fig. 17c¢).

Thus, the fundamental difference between N-NDR and HN-NDR systems is that the
former’s stationary polarization curve exhibits a range of negative real impedance,
whereas for the latter the zero-frequency impedance is strictly positive in the poten-
tial region of interest. From this observation one might get the impression that the
mechanisms of electrode reactions are fundamentally different for systems in the two
groups. But in fact it is only a small step, or more precisely, one additional potential-
dependent process, that transforms an N-NDR system into an HN-NDR system.
Formally, any HN-NDR system is composed of a subsystem with an N-shaped sta-
tionary polarization curve whose NDR is hidden by at least one further slow and
potential-dependent step of the interfacial kinetics of the total system. This step
dominates the faradaic impedance at low perturbation frequencies, whereas at higher
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excitation frequencies the negative faradaic impedance of the fast subsystem domi-
nates the system’s behavior. In particular its interaction with the ohmic drop forms a
positive feedback loop. The destabilizing elements are thus in N-NDR and HN-
NDR systems identical, the autocatalytic (activator) variable is the double layer po-
tential, ¢, the difference stemming from properties of the slow, negative feedback.

Prototype Model

The by far most widespread mechanism by which an N-NDR is hidden is the ad-
sorption of a species that inhibits the main electron-transfer process. The species
might be dissolved in the electrolyte, e.g., it might be the anion of the supporting
electrolyte, or it is formed in a side reaction path, as it is the case in nearly all oxi-
dation reactions of small organic molecules. Before we introduce specific examples of
this type of HN-NDR oscillators, it is useful to study the dynamics of a prototype
model. This will then help us to identify the essential mechanistic steps in real sys-
tems whose quantitative description requires more variables such that the basic
feedback loops are not as obvious.

Consider an electrolyte that contains an electroactive species E, which is either
oxidized or reduced, and a species P with a potential-dependent adsorption isotherm.
In the absence of species P the /¢ curve be N-shaped (Fig. 18a, dashed line).
Furthermore, the isotherm of P be such that its coverage decreases with increasing
overpotential for the conversion of E somewhere in the N-NDR range of k (¢p;)
(Fig. 18a, solid line). In addition, adsorbed P inhibits the electrochemical conversion
of E (Fig. 18b). The following set of equations represents the simplest formulation of
the mechanism:

d _
CcA ";I;L = —nFk'(¢p )(1 - 0) +UR—zDL (40a)
do
E = kP[00(¢DL) - 0]; (40b)

where 0 denotes the coverage of species P and 0y(¢p; ) the potential-dependent
equilibrium value of 6. Thus, the term [0y(¢p; ) — 0] represents the deviation of the
actual coverage from its equilibrium value, and the rate constant k, determines how
fast the coverage relaxes to its equilibrium value.

The second equation introduces the negative feedback necessary for oscillations
to occur: Suppose the system attains a state on the I /¢ curve where the steady
state coverage is between 0 and 1. Then a fluctuation of ¢py, let’s say to larger
values, leads at first to a smaller current, since we are at potentials where k& (¢ ) has
a negative slope and the coverage reacts much slower on a change of ¢p; than the
electron-transfer reaction. Together with the potentiostatic or galvanostatic external
constraints, this initiates the ‘““usual” N-NDR induced, positive feedback, i.e. an in-
creasing ¢ and, hence, a further decrease of /. With a delayed response, however,
also 0 will adjust to the new values of ¢y ; its desorption causes an increase in the
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Fig. 18. (a) Example of a combination of a reaction current nFk(¢ ;) (dashed curve) in the absence of an
inhibiting species P [Eq. (40a), § = 0] and an equilibrium coverage of the species P (solid curve) that admits
a Hopf bifurcation. (b) Stationary polarization curve in the presence of E and P for overcritical resistance.
The dashed line indicates where the stationary state is unstable under galvanostatic conditions. The hori-
zontal bars display the amplitudes of the oscillations. sn: saddle-node bifurcation; sl: saddle-loop bifurca-
tion; h: Hopf bifurcation.

current density, and thus counteracts a further growth of ¢, which introduces a
negative feedback loop into the system. As was emphasized already, the presence of a
positive and negative feedback loop in general gives rise to oscillatory behavior in
some region of the parameter space.

The crucial difference between the prototype HN-NDR model (Eq. (40)) and
N-NDR model (Eqgs. (38 a,b)) is that the potential-dependent terms of 6 do not
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coincide with those determining the reaction current. This gives the system the nec-
essary “freedom” to oscillate also under galvanostatic conditions [92].

The main results of the theoretical analysis of HN-NDR models of the “reaction-
inhibition” type are contained in the one- and two-parameter bifurcation diagrams
reproduced in Figs. 18(b) and 19, respectively. Fig. 18b shows the stationary current-
potential curve of the model system (Egs. (40a,b)). The dashed line denotes steady
states that are unstable under galvanostatic control; the solid line, those that are sta-
ble. Obviously, the steady-state branch with a positive slope becomes unstable (owing
to the hidden N-NDR of k (¢ )) and oscillations are born in a Hopf bifurcation.
The oscillations, indicated by the horizontal bars in Fig. 18b, exist in a certain cur-
rent interval until their amplitude becomes so large that the limit cycle collides with
the saddle point through which it is destroyed. This type of bifurcation is called sad-
dle-loop bifurcation. Obviously, the saddle point lies on a branch of the /¢, curve
with a negative slope. A comparison with Fig. 18a shows that the NDR part arises
because the inhibitor P has become desorbed completely at potentials at which
k (¢pp) still exhibits a negative slope such that in this potential range the /¢,
characteristics of the full system is practically identical to the one of the fast sub-
system. According to the explanations above, under galvanostatic control, the NDR-
branch is always unstable.

From Fig. 18b it is clear that under galvanostatic conditions the limit cycle co-
exists with a stationary state at high overpotentials. The latter is the only attractor at
large current densities. Hence, when the current density is increased above the value
of the saddle-loop bifurcation, the potential jumps to a steady state far in the anodic
region. Once the system has acquired the anodic steady state, it will stay on this
branch as the current density is lowered until the stationary state disappears in a
saddle-node bifurcation.

The qualitative location of the oscillation region in the U/Rq parameter plane is
shown in the two-parameter bifurcation diagram reproduced in Fig. 19. The most

oscillatory

bistable Fig. 19. Skeleton bifurcation diagram
in the U/Rq parameter plane of an
HN-NDR system of the “reaction-in-
/ hibition™ class (such as the prototype
model Egs. (40a,b)). The solid, dashed
and dotted-dashed lines denote the
location of saddle-node, Hopf and
U — saddle-loop bifurcations, respectively.
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important difference to the corresponding bifurcation diagram of N-NDR oscillators
is that the oscillatory region is not limited towards large values of the ohmic series
resistance, and oscillations exist also under galvanostatic conditions (infinite Rq).

Besides the potential-dependent adsorption of a poison, i.e. a species that is dif-
ferent from the electroactive species or current carrier, other mechanisms are dis-
cussed that may hide a region of negative differential resistance and thus give rise to
oscillations on a branch of the /-U curve with positive slope. According to specific
mechanistic features, a subdivision of HN-NDR oscillators was proposed into origi-
nally three subclasses [12].

The first model in which a hidden NDR was identified as the source of instability
was based on a hypothetic mechanism that involves the potential-dependent adsorp-
tion of the electroactive species and the electron-transfer reaction from the adsorbed
state [92]:

E + % < Eygs
Eys+e — P+ x

The bifurcation diagram in the U/I parameter plane of this “adsorption/reaction”
mechanism, which was designated subclass 1, is the same as the one of the above
discussed “‘reaction-poison”” mechanism that forms subclass 2.

Starting again from our prototype N-NDR oscillator (Egs. (38a,b)), subclass 3
arises when an additional faradaic reaction takes place at potentials in or close to the
range in which the “original” faradaic process [12, 93]. Thereby, this additional re-
action should be an oxidation (reduction) current if the original process is an oxida-
tion (reduction) reaction. Clearly, when the increase in the current density of the
additional process is larger than the decrease in the NDR branch of the original
process, the NDR is hidden. Model calculations confirm that such a superposition of
faradaic currents in addition with the slow recovery of the electroactive species that is
associated with the NDR gives rise to galvanostatic oscillations. The succession of
bifurcations when increasing the external voltage, however, is different compared to
the other two subcategories, thus yielding also a qualitatively different bifurcation
diagram in the U/Rq parameter plane.

This mechanism was originally derived by Strasser et al. [93] to model oscillations
during the galvanostatic reduction of iodate where, according to the authors, the
NDR is due to Frumkin repulsion and the second faradaic reaction is hydrogen
evolution. The simulations compare favorable with the experiments. The authors
conjecture that also the galvanostatic potential oscillations observed during the elec-
trooxidation of Fe(CN)s*~ concomitant to O, evolution on a Pt electrode, and dur-
ing the reduction of Fe(CN )¢~ concomitant to Hy evolution arise due to the same
mechanism [94]. However, Li et al. [95] presented experimental evidence that for the
latter system there is no oscillatory instability when replacing the gas evolution re-
actions by another faradaic process that does not involve the formation of gas bub-
bles. As discussed in Ref. [95] this strongly points to the essential role convection
may play in the oscillation mechanism of all the mentioned oscillators. The authors
suppose that the oscillations arise because of a “depletion-convection” mechanism:
At low overpotentials, the concentration of the electroactive ion at the electrode
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surface depletes due to reaction, which leads to a shift of the potential towards larger
overpotentials at which the second reaction, and thus gas-bubble formation sets in.
The arising convection causes an enhanced mass transport and thus the replenish-
ment of the ion concentration at the electrode surface resulting in an increased cur-
rent and thus a backward shift of the reaction. As plausible as this mechanism might
be at first sight, it lacks an autocatalytic process and will therefore not lead to oscil-
lations, as also pointed out in Ref. [96]. Hence, the origin of the potential oscillations
during iodate reduction or Fe(CN)s*~ oxidation remains obscure.

So far, there are no unambiguous experimental examples for subcategories 1 or 3.
More recently, an HN-NDR-type oscillation was observed during H,O, reduction
on Pt whose mechanism did not fall into any of the three subdivisions, and thus the
classification scheme was enlarged [57]. The features of this subclass will be discussed
below in connection with oscillations during H,O, reduction. The discovery of fur-
ther basic mechanisms is to be expected. As their number increases, other criteria
that are common to a few of such subclasses might turn out to constitute a superior
basis for subdivision. One such criterion might be the two-parameter bifurcation di-
agram in the plane spanned by the “electrical parameters” U and R, which are
identical in two of the three originally proposed subcategories.

In the following, experimental examples of HN-NDR oscillators will be discussed
in which the essential elementary steps of the oscillation mechanism appear to be
unequivocally uncovered.

H; Oxidation in the Presence of Poisons

The oxidation of hydrogen on Pt in the presence of electrosorbing cations, such as
Cu”*, Agt, Cd**, or Bi** and strongly adsorbing anions, examples are C1~ and Br—,
constitutes the first experimental example for which the importance of the hidden
negative differential resistance for oscillatory behavior was recognized [97, 98]. Fur-
thermore, the individual steps of the oscillation mechanism can easily be studied
separately, allowing easy assignment of the essential features of the mechanism.
Therefore, this system represents an ideal experimental model for illustrating the
properties of HN-NDR oscillators. However, its importance goes far beyond histor-
ical and didactical aspects. A completely analogous mechanism seems to be operative
when the H; gas, which is bubble through the cell, is contaminated with traces of
CO. Since in H,/O, low-temperature fuel cells CO impurities in the H, feed are the
main source of voltage losses at the anode, an understanding of the dynamic behav-
ior of H,|CO mixtures is also of considerable practical importance.

The oxidation of Hj in the presence of electrosorbing cations and anions was first
studied by Horanyi and Visy [99] with the goal to demonstrate that oscillations dur-
ing hydrogen oxidation must not necessarily be accompanied by oxide formation.
This system was subsequently investigated by Kodera et al. [100-102] and by Wolf,
Krischer et al. [97, 98, 103—106]. Most of the experiments were carried out in sol-
utions containing Cu’* as the electrosorbing species as well as a small amount of
Cl~. Thus, parallel to the following reaction steps, responsible for the oxidation of
H2:
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Pt — H+ H,0 — H30" + e+ Pt (R3.7)

i.e. the diffusion of H, from the bulk electrolyte to the electrode surface (reaction
R3.5), the dissociative adsorption of surface H, onto bare Pt sites (R3.6), and the
electrochemical oxidation of adsorbed hydrogen atoms accompanied by hydration
(R3.7), the reversible adsorption of Cu?* and Cl~ affects the overall behavior, as
clearly seen in the current-voltage plots in Fig. 20:

X 4 x> X0 + e (R3.8)
Cu’" +2¢” + x«—Cu (R3.9)

Curve a in Figure 20 represents the H, oxidation current in 0.1 M H,SOy4 after ad-
dition of 1073 M HCI. At potentials more positive than about 100mV vs. SHE, the
I/¢ 1 curve exhibits a region of negative differential resistance that is caused by the
adsorption of Cl~. The addition of Cu®* to the Cl~-containing sulfuric acid (curve b
in Fig. 20) inhibits H, oxidation at potentials negative to about 550 mV almost
completely, owing to under potential deposition (upd) of 1 monolayer Cu (and at the
very negative potentials also bulk deposition). Hence, in the presence of Cu’* ions
the NDR caused by Cl~ adsorption is hidden up to about 750 mV, and Cu?* plays
exactly the role of species P. Concurrent with the beginning desorption of the upd
monolayer at U > 550 mV, hydrogen oxidation sets in, and once the entire Cu is
stripped from the electrode, the oxidation current reaches the level of the one in the
Cu?* free, Cl~-containing electrolyte. Above we discussed that an HN-NDR leads to
oscillatory behavior if the process that causes the NDR is faster than the one that
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Fig. 21. Oscillations in the H,|Cl~,H,SO,,Cu?*|Pt
system. (a) Under galvanostatic control (I =
2.5 mA) and (b) under potentiostatic control
0 5 10 15 20 with an external series resistor, Ry = 500 Q,
) U=1.69 V vs RHE. Electrolyte solution and
time /s rotation rate as in Fig. 20.

hides it. In the H, | C1~,H,SO4,Cu®* | Pt system, this is the very case. The adsorption/
desorption equilibrium of Cl~ adjusts much faster than the one of Cu’*, as proved
by cyclic voltammetry with different scan rates [97] and by impedance spectroscopy
[106]. Curve ¢ in Figure 20 displays the /U characteristics obtained when scanning
the applied current. Potential oscillations arise when the potential adjusts to the
value at which Cu desorption sets in. Observe that the potential is oscillating between
curves a and b. Examples of oscillations obtained for a constant value of the applied
current (a) and a fixed value of the external voltage (b) are displayed in Fig. 21. The
oscillations are not simple periodic, but composed of alternating small and large
amplitude oscillations. Such mixed-mode oscillations (MMOs) are typical for oscil-
lations during hydrogen oxidation [105]. Their occurrence requires at least three de-
grees of freedom, i.e. three bound variables (provided the MMOs do not arise due to
spatial instabilities). In contrast to the fundamental mechanism giving rise to simple
periodic oscillations, the origin of the MMOs is not yet understood.

As already mentioned, oscillations are also observed if a small amount of CO
(typically less than 1%) is contained in the H, fuel gas [107, 108]. The oscillations
were studied in concentrated sulfuric acid electrolytes (0.5 or 2 M) under galvano-
static conditions. Yamazaki and Kodera [108] propose a model to describe the gal-
vanostatic oscillations that assumes strong attractive interactions between the CO
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molecules, which gives rise to an S-shaped current potential curve. This assumption
is not supported by experiments, and although CO bulk oxidation was recently
shown to exhibit an S-shaped current potential curve under certain conditions (see
below), a mechanism equivalent to the one above is considered much more likely,
where CO takes the role of Cu. It adsorbs and inhibits hydrogen oxidation at low
potentials and becomes oxidized in the NDR region when OH adsorption sets in (at
about 800 mV SHE). At this point it is important to note that with CO as poison Cl~
is not essential for the oscillations to occur. H, oxidation is negligible on Pt oxides.
Thus, the oxidation of the Pt surface

Pt + H,O — Pt—OH+ H' +¢” (R3.10)
Pt—OH — Pt—O+H" +¢” (R3.11)

also gives rise to an N-NDR, but at more positive potentials than CI~. Since also CO
desorbs more positive than Cu (namely through the reaction with adsorbed OH),
negative and positive feedback loop can interact and may lead to an oscillatory in-
stability. Thus, there is a nearly 1:1 correspondence between the mechanisms causing
the oscillations in the two systems; we only need to replace CI~ with OH and Cu?*
with CO. In fact, the /U characteristic shown in Fig. 20 (curve b) is similar to those
observed during H electrooxidation in the presence of 2% CO as studied by Mar-
kovic and colleagues [109].

H, 0, Reduction on Pt

As already mentioned above, Nakato and colleagues [45, 46, 55-57, 69-73, 96, 110,
111] reported exceedingly rich nonlinear behaviors during H,O, reduction on Pt in
acidic media. They identified two potential regions in which the reaction exhibits a
negative faradaic impedance. One N-NDR arises from the suppression of the H,O,
reduction by formation of upd hydrogen in a potential region just before hydrogen
evolution sets in, and the other from a decrease in the coverage of adsorbed OH,
which catalyses H,O, reduction. In “pure” aqueous H,SO4, N-NDR-type oscil-
lations are observed in accordance with the mass-transport limited N-NDR oscillator
model (see Section 3.1.3).

When adding a small amount of halide ions, both NDRs are hidden in the
stationary polarization curve. Impedance spectra taken at identical values of the
potential and in electrolyte solutions that differ only by the presence of absence or
1.0 x 107* M KBr provide clear-cut evidence of this transformation [57] (Fig. 22).
Both spectra exhibit real negative faradaic impedance for a finite excitation fre-
quency oy, indicating the occurrence of a Hopf bifurcation at higher ohmic resis-
tance. In the absence of Br™, the real part of the impedance stays negative for per-
turbation frequencies w < wy, suggesting strongly that the zero-frequency impedance
is negative: Z(w = 0) < 0. In contrast, in the presence of Br~, the impedance curve
turns around in the positive direction of Re(Z) such that the zero-frequency imped-
ance is positive again: Z(w = 0) > 0, and thus the N-NDR is hidden in the station-
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Fig. 22. Impedance diagrams for poly-Pt at —0.15 V vs. SCE in (a) 0.3 M H,SO4 + 0.3 M H,0; and
(b) 0.3 M H,SO4 +0.3 M H,O0, +1.0 x 100 M KBr. (Reproduced with permission from Y. Mu-
kouyama, S. Nakanishi, T. Chiba, K. Murakoshi, and Y. Nakato, J. Phys. Chem. B 105 (2001) 7246—
7253, © American Chemical Society (2000)).

ary polarization curve. Similar spectra are obtained in the potential region of the
second N-NDR.

Mechanistically, the transformation of the N-NDR into an HN-NDR can be
explained by the fact that adsorbed halides inhibit the dissociative adsorption of
H,0,. The decrease in the reaction current due to the loss of PtOH or the formation
of upd-H upon a negative voltage shift is overcompensated by the increase in current
density due to the desorption of halide ions. Sustained periodic oscillations appear
under potentiostatic as well as galvanostatic conditions in the presence of halides [57]
(Fig. 23). The oscillations that are associated with the NDR in the upd-H region
were termed oscillations D, those connected to the autocatalytic adsorption of H,O,
oscillations C.

When Nakato et al. incorporated adsorption and desorption of halides into their
mathematical description, the new type of oscillations could be reproduced in simu-
lations [57]. Furthermore, the calculations revealed that oscillations D required, be-
sides the poisoning of the electrode by halide adsorption, the transient current due to
the upd-H formation. Hence, the oscillations necessitate two N-NDR hiding factors:
the adsorption of a poison and an additional current (stemming from a transient
process and not a independent current carrier as in Strasser’s type HN-NDR sub-
category 3). This led the authors to introduce a new HN-NDR subcategory 4.

Although apparently not linked to the presence of an HN-NDR, two further dy-
namic properties of the Pt|H,SO4,H,0, system are noteworthy. First, besides oscil-
lations A, C, D and E discussed above, Nakato’s group reported a fifth type of
oscillation, oscillations B (see Fig. 23) [96]. These oscillations appear in the most
negative potential region, and only for rough surfaces. Moreover, although the
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Fig. 23. Type B, C and D oscillations observed for an atomically flat Pt(111) electrode during a potentio-
dynamic scan. Electrolyte: 1 M H,0, and 0.3 M H,SOy; scan rate: 5 mV s~ (Reproduced from Y. Mu-
kouyama, S. Nakanishi, H. Konishi, and Y. Nakato, J. Electroanal. Chem. 473 (1999) 156165, with
permission from Elsevier Science.)

oscillations are found under galvanostatic conditions, an HN-NDR was not detected
in impedance measurements, a clear hint that the oscillations do not fall into one of
the two oscillator classes considered in this chapter. Furthermore, during the oscil-
lations the electrode potential reaches values at which hydrogen evolution occurs,
and gas bubbles are observed concomitant to the current or potential oscillations. In
Ref. [96] it is proposed that the rough electrodes are composed of “active” and “non-
active” parts, whereby on the active (rough) areas, HO, reduction is not inhibited
by a full coverage of under-potential deposited hydrogen, contrary to the “normal”,
nonactive areas, occupying the major part of the electrode. The oscillations arise be-
cause of the electric coupling between active and non-active areas in connection with
effective solution stirring through gas evolution reactions. The positive feedback loop
is still due to an NDR, namely the one that arises on the non-active areas due to upd
of hydrogen and causes oscillations A for different values of the external parameters
(e.g. external potential). In accordance with these ideas, in mathematical simulations
oscillations were only observed when taking into account: (i) the coupling between
active and non-active surfaces; and (ii) strong stirring of the electrolyte by H, evo-
lution. Mukouyama et al. propose for this new-type of electrochemical oscillation
mechanism the name C-NDR (coupled NDR).

The second remarkable nonlinear behavior to be mentioned here which is not
connected to an HN-NDR is the bistability between a high-current state and the low-
current behavior, which was considered above in connection with oscillations A-E
(Fig. 24). The high current state involves a strongly enhanced transport of H,O; to
the electrode by solution stirring through catalytic oxygen-gas evolution on Pt, as
well as a large increase in the rate of dissociative adsorption of H,O; due to the auto-
catalytic effect of adsorbed OH. Since the autocatalytic effect is most pronounced on
flat Pt surfaces, the high-current states tend to appear more readily on flat surfaces.
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Fig. 24. Coexisting cyclic voltammograms exhibiting low (a) and high (b) current states for an atomically
flat Pt(111) electrode. Electrolyte: 1 M H,O, and 0.3 M H,SOy (scan rate: 10 mV s~!). (Reproduced from
Y. Mukouyama, S. Nakanishi, H. Konishi, K. Karazumi, and Y. Nakato, Phys. Chem. Chem. Phys. 3 (2001)
3284-3289, by permission of The Royal Society of Chemistry on behalf of the PCCP Owner Societies.)

The discussed nonlinear phenomena during H,O, reduction on Pt in acidic media
constitute impressive examples of how small differences in the interfacial kinetics
owing to structural effects, for example, or to minor changes in the composition of
the electrolyte, can affect the dynamic response in a qualitative manner.

Electrooxidation of Formic Acid and Other Small Organic Molecules

Many oxidation reactions of small organic molecules possess two common features
that make these reactions especially susceptible to dynamic instabilities. Firstly, the
reactions proceed through a dual-path mechanism [112-114]: the educt is either
“directly” oxidized to CO, without the formation of any long-living surface inter-
mediate, or the electrode catalyzes the heterogeneous dissociation of the educt (or
an intermediate of the reaction) into at least one stable adsorbate, which requires
a higher overvoltage to be oxidized. This adsorbate acts as a poison for the direct
path, leading to a considerable decrease of the current density with time at low
overpotentials. Secondly, there is a competition for free adsorption sites between the
organic molecule and water, the bond strength between metal and water becoming
stronger with increasing potential [115, 116]. Neglecting the indirect path, the second
property gives rise to an N-NDR, since the available surface sites for the direct path,
and thus the oxidation current, become fewer with increasing overpotential due to
OH adsorption. The indirect path, on the other hand, suppresses the direct oxidation
at low overvoltage, giving way to free surface sites only when it is oxidized by
strongly bonded water or surface bonded hydroxyl radicals well in the NDR region.
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Fig. 25. Cyclic voltammogram of formic acid oxidation on Pt(100) in a 0.05 M HCOOH, 10~> M HCIO,
electrolyte solution. In this experiment, an external resistance (Rex = 600 Q) was used; scan rate: 5 mV s~
(Reproduced from P. Strasser, M. Liibke, F. Raspel, M. Eiswirth and G. Ertl, J. Chem. Phys. 107 (1997)
979-990, by permission of the American Institute of Physics.)

Hence, the indirect path hides the NDR partly. These considerations strongly suggest
that many of the electrooxidation reactions of organic molecules will fall into the
class of HN-NDR systems, irrespectively of the detailed reaction mechanism. This
presumption is supported by the fact that most of the reactions oscillate under gal-
vanostatic control.

With regard to the dynamic behavior, formic acid oxidation is the best-studied
oxidation reaction of small organic molecules. In many early studies it was suggested
that the oscillation mechanism be of purely chemical nature, and thus an NDR is
not involved in the essential steps [117-125]. However, in more recent studies clear-
cut experimental evidence is presented that — at least under many experimental
conditions — formic acid oxidation belongs to the class of HN-NDR systems. A
cyclic voltammogram of formic acid oxidation on Pt(100) is shown in Fig. 25. It
possesses the characteristic attributes of self-poisoning oxidation reactions of small
organic molecules. The most important features are a slowly increasing current for
U > 0.5V, owing to the reactive removal of the poisoning CO in parallel to the
onset of OH adsorption at about 0.5 V, and the occurrence of a kinetic hysteresis in
the negative potential region owing to the small rate of the poisoning reaction. Fur-
thermore, the I/U curve exhibits the typical features of HN-NDR systems under
potentiostatic conditions: oscillations around a branch with positive slope in the
polarization curve close to the maximum of the curve, a steep decrease in current
density for potentials positive to the oscillatory region and a hysteresis on the back-
ward voltage sweep. When increasing the conductivity no oscillations were observed
anymore.
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In fact, formic acid oxidation is a transparent example in which the features that
lead to sustained oscillations in oxidation reactions of organic molecules and are de-
scribed above in general terms can be deduced from the reaction mechanism in a
straightforward manner. It is widely accepted that formic acid is oxidized in two
parallel pathways,

HCOOH +

fast

— COOH,g + H" +e7 — CO, + x+2H" +2¢~ (R3.12)

«— HCOOHad{

— CO,q + H,O (R3.13)
where * denotes a free adsorption site. The first path (R3.12) represents the direct
oxidation of formic acid where adsorbed HCOOH is oxidized to a reactive inter-
mediate, most likely - COOH,q, which is immediately further oxidized to the final
product, CO,. The indirect path is associated with the heterogeneously catalyzed
dissociation of formic acid to water and adsorbed CO, which blocks the surface sites
for further adsorption of HCOOH. The removal of the poison CO proceeds via
an electrochemical reaction with surface bonded H,O, as it is assumed in [125], or
adsorbed hydroxide, which is formed at about 0.5 V by water dissociation [115]
according to the following steps:

HyO 4 % <> OHyg + H™ 4~ (R3.14)
COqgs + OHyg — CO, + H + 67 + 2+ (R3.15)

OH,4 (or surface bonded water) block surface sites for HCOOH oxidation.

Let us elucidate the role of the individual steps for the dynamic behavior. The
direct reaction path (R3.12) accounts for most of the oxidation current. It is in-
hibited by the adsorption of OH (R3.14), which is a fast process. Thus, reactions
(R3.12) and (R3.14) give rise to a current-potential characteristic with a negative
slope in the potential region where OH adsorption occurs. They form an N-NDR
subsystem, just as H, oxidation (R3.5)—(R3.7) and Cl~ adsorption (R3.8) do in
the H,|Cl~,Cu* ,H,SO4|Pt system. For potentials negative to OH adsorption, CO
slowly poisons the surface according to (R3.13) and it is removed in reaction (R3.15).
Hence, it suppresses the direct oxidation of formic acid for potentials negative to the
onset of OH adsorption, giving way to free surface sites and thus an appreciable
oxidation current only when CO is removed. Therefore, reaction (R3.13) and
(R3.15) take the role of Cu adsorption and desorption in the H,|Cl~,Cu?*,H,SO4|Pt
system. Furthermore, these steps are identical to the ones hiding the NDR in the
H,,CO|H,SO4|Pt system. Strasser et al. [126] translated the chemical reaction scheme
(R3.12-R3.15) into a mathematical model that was summarized in a previous review
article [10].

Several groups report that the dynamic behavior of formic acid oxidation on low-
index single crystal planes exhibits structural effects [119, 120, 124, 127]. According
to these studies, current oscillations were easily observed on Pt(100), seemed to exist
in only a small parameter interval on Pt(110), and proved to be even more difficult
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to detect on Pt(111). Furthermore, on Pt(100) current spikes appeared in the cyclic
voltammogram, predominantly on the cathodic scan. In contrast, on Pt(110) they
showed up mainly on the anodic scan, and were often absent on Pt(111), although
oscillations emerged under stationary conditions. These differences are reproduced
with the mathematical model when employing different rate constants for the poi-
soning reaction (R3.13), in accordance with experimental findings [126, 128].

In two recent papers Naito et al. [129, 130] discuss a slightly modified model that
differs in some details of the chemical reaction steps, but apparently not in the origin
of the positive and negative feedback loops. One important conclusion from their
studies is that the electrode potential can be eliminated adiabatically. As far as the
differences in the mechanistic steps of the two models are concerned, without further
studies it does not seem possible to decide which one describes the system better.

A shortcoming of both models is that they do not capture the occurrence of
complex periodic or aperiodic potential oscillations under current control, which
were observed in many different electrolytes. Impressive studies of such complicated
temporal motions during formic acid oxidation can e.g. be found in Refs. [118, 121].
Schmidt et al. [131] suggest that the adsorption of anions, which leads to a competi-
tion for free surface sites not only between two species, formic acid and water, but
between three species, formic acid, water and anions, can induce complex nonlinear
dynamics. This conjecture is derived from differences in the oscillatory behavior
found in perchloric and sulfuric acid for otherwise similar conditions. Complex mo-
tions were only observed in the presence of sulfuric acid.

Schell et al. present evidence that the role of anions in the electrocatalyzed oxi-
dations of formic acid in current-control experiments can be even more than simply
blocking reactive surface sites [132—135]. They conjecture that the adsorbed anions
affect the nature and reactivity of surface water and OH, and thus their reaction with
surface CO. Most remarkable results were obtained when perturbing an aqueous
solution containing 0.1 M HCOOH and 0.5M HCIO,4 by a small amount of HBF,
[133]. The addition of BF,~ anions caused more than a 60% increase in the value of
the applied current for which low-valued stationary potentials remain stable. The
current increases by more than 50% at relevant potential values in potential-control
experiments. Together with the overall reaction rates the nonlinear behavior ex-
hibited by formic acid oxidation changed drastically in the presence of a small
amount of BF4~.

Also the presence of certain cations was shown to change the nonlinear behavior
of formic acid oxidation qualitatively. Examples include Cu®* ions, whose addition
induced complex oscillation patterns as well increased frequency oscillations [136],
and Bi’* ions, that were found to significantly enhance the current density as well as
the existence range of oscillations and spatiotemporal self-organization (see Section
4.2) [137].

This list of examples in which small perturbations of the chemical composition of
the electrolyte qualitatively changed the nonlinear dynamics demonstrates how intri-
cate the repercussion of interfacial reaction steps on temporal motions can be. It is
likely that in all of the mentioned systems the basic instability is the same and can be
understood in terms of the interaction of (a) surface poisoning by the indirect path;
(b) replenishing of the surface by the reaction between CO and surface bonded
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water or surface OH; and (c) the feedback between the total coverage of the electrode
on the electrode potential. Still, a realistic description of the oscillations and an
understanding of the occurrence of complex oscillations require the incorporation of
chemical steps that are specific to the individual systems. It is a challenge for future
research to refine the models discussed above and to uncover the additional feedback
loops in the individual systems that cause the complex oscillations.

As already mentioned, also for the other oxygenated C1 compounds, i.e. formal-
dehyde [118, 138—147] and methanol [148—154], as well as for larger organic mole-
cules, dynamic instabilities are reported. Many of them are compiled in Ref. [154],
for formaldehyde oxidation on Rh and Pt [147] and methanol oxidation on Pt [155]
the oscillations could be clearly identified as HN-NDR type oscillations. However, in
view of the number of reaction steps involved in these oxidation reactions and of the
possible complexity of the interaction of the supporting electrolyte with the dynamics
even in the much simpler formic acid oxidation, it is not astonishing that any quan-
titative considerations should still be missing. There are some attempts to qual-
itatively explain the observed phenomena with reaction mechanisms that go beyond
the simple dual-path model described above. However, at the time being, they are
quite speculative. Therefore I shall not discuss them in more detail in this article. A
summary of these works can be found in [156].

3.2 S-NDR Systems: The Electrode Potential as the
Negative Feedback Variable

Electrochemical systems belonging to the class of S-NDR systems are complemen-
tary in most dynamic properties to N-NDR systems. They are characterized by:

(a) A stationary S-shaped polarization curve for vanishing ohmic series resistance.
In other words, S-NDR systems possess a bistable I/¢; curve (Fig. 26a). The
differential resistance of the middle, sandwiched branch is clearly negative (that’s
why these systems are called S-NDR); this branch is unstable and cannot
be detected in a potentiostatic experiment with /Rq compensation (or sufficiently
small Rg).

(b) The I/U characteristic becomes single-valued if the ohmic series resistance, Rq,
exceeds a critical value, Rq ¢t (Fig. 26b); around steady states with intermediate
current values that correspond to values on the NDR branch for vanishing R,
oscillations might exist, but they are by far less likely than in (H)N-NDR sys-
tems. However, an instability with respect to spatial perturbations can be expected
(see Sec. 4.2.1).

(c) S-NDR systems might oscillate under galvanostatic control, when the preset
current corresponds to current values of the NDR branch; however, as under
potentiostatic conditions, corresponding parameter values are rather improbable.
And again, also under fixed current conditions S-NDR systems are very likely to
experience a spatial instability such that the homogeneous NDR branch is also
not accessible under galvanostatic control (see Section 4.2.2), and a stationary
I/¢p; measurement exhibits a hysteresis (Fig. 26c).
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Fig. 26. Characteristic /-U curves of S-NDR systems (a) under potential control for vanishing ohmic series
resistance, Rgq; (b) under potential control for intermediate values of Rq. The dashed vertical lines indicate
that S-NDR systems might oscillate in an intermediate interval of U, but corresponding parameter values
are very unlikely such that in general an experimental cyclic voltammogram will look like the solid curve
(c) under current control, where the sandwiched branch is unstable with respect to spatial variations and an
I/U measurement exhibits a hysteresis, as indicated by the arrows. The middle, thick curve corresponds to
a spatially structured state (see Section 4.2.2).

3.2.1 General Properties

The existence of bistability in the I/¢p; characteristic, i.e. under conditions under
which ¢ reduces to a parameter, implies that a chemical variable, on which the
current depends, exhibits bistability as a function of ¢; . Thus, in S-NDR systems
we have to require that the dynamic equations contain a chemical autocatalysis. As
set forth below, ¢ takes the role of the negative feedback variable. The positive
feedback might be due to chemical autocatalytic reaction steps as is the case in Zn
deposition [157, 158] or CO bulk oxidation on Pt [159]. S-shaped current-potential
characteristics may also arise in systems with potential-dependent surface phase
transitions between a disordered (dilute) and an ordered (condensed) adsorption state
due to attractive interactions among the adsorbed molecules.
Writing the evolution law of the autocatalytic (chemical) species, ¢, as

d
=T (e.dpu). (41)
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whereby f(c,¢p) is a function that is bistable in ¢p; (e.g. the coverage of an ad-
sorbate with attractive interactions), then, depending on how the faradaic current
depends on ¢, the resulting current-potential characteristic exhibits the form of a Z or
an S (cf. Fig. 29). The temporal evolution of the double layer potential is again given
by the equation

oo _

. U—¢
ar _lreac(c> ¢DL) + 41)1‘

Rq

(42)

Eq. (42) gives rise to a negative feedback loop if the current potential curve is S-
shaped, but not for Z-shaped characteristics. Thus, in S-NDR systems ¢; may sta-
bilize the middle branch of the S, or it may induce oscillations. This is not possible in
Z-shaped systems, where an incorporation of ¢p; in the dynamic description only
increases the width of the bistable region but never results in qualitatively different
behavior. For this reason, ¢ is not an essential variable in the latter type of sys-
tems. Thus, they have to be classified as systems with chemical instabilities only and
will not be further treated here.

The relative locations of saddle node and Hopf bifurcations in the U/Rq pa-
rameter plane are universal for all S-NDR systems, as it was the case for the other
classes we discussed (Fig. 27). Again, the bistable region has the form of a V, how-
ever, this time its broadest extension is for zero ohmic resistance, and it closes towards
larger values of Rg and U. Oscillatory behavior might exist in a region opposite to
the bistable region, i.e. at large values of Rg and U. However, the requirement that
the destabilizing process has to be faster than the stabilizing process for oscillations
to occur makes oscillations in S-NDR systems the exception. It means that the typi-
cal time scale on which the autocatalytic species changes is shorter than the double
layer charging. Clearly, this prerequisite is fulfilled only for extremely fast reactions
or adsorption steps, or unusually large values of the double layer capacitance. Up to
now, there is no convincing experimental example of an oscillatory S-NDR system.
However, one should have in mind that for typical parameter ranges S-NDR systems
underlie spatial instabilities, resulting in stationary potential and adsorbate or con-

Fig. 27. Qualitative locations of saddle-node (sn)
and Hopf (h) bifurcations in the external voltage
(U)/ series resistance (Rq) parameter plane.
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centration patterns (see Section 4.2). In the following we discuss two experimental S-
NDR systems in more detail, one in which a surface phase transition of organic
adsorbates is involved and bulk CO oxidation.

3.2.2 S-NDR Systems Involving a Surface Phase Transition of Organic Adsorbates

S-shaped current potential curves emerge when a surface phase transition of an
organic adsorbate is coupled with a faradaic reaction of some electroactive species.
As a representative of such a system, the periodate reduction on Au(111) single
crystal electrodes in the presence of camphor was studied [160]. Camphor adsorbed
on Au(111) electrodes exhibits two first-order phase transitions upon variation of the
electrode potential [161]. In a cyclic voltammogram, the phase transition manifests
itself in a pair of needle-like peaks (Fig. 28 (A)). Between the peak pairs, a con-
densed, well-ordered camphor film exists. At more negative potentials, the camphor
coverage is low, while the state of the adsorbate at positive potentials beyond the
second phase transition is not yet known. The small hystereses between the respective
anodic and cathodic peaks are caused by the finite nucleation rate of the respective
thermodynamically stable phase.

Periodate in a camphor-free electrolyte is reduced on Au(l11) in the potential
range that we consider here, as reflected by the CV of Fig. 28b. In the presence of
camphor, however, 104~ reduction is inhibited when the condensed camphor film
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Fig. 28. Cyclic voltammograms of an Au electrode in contact with different electrolytes [160]: (A) 5 mM
camphor and 50 mM NaClOg4; (B) 5 mM NalO4 and 100 mM NaClOy; (C) SmM camphor, 32 mM
NaClO4 and 5mM NalOy; and (D) 5SmM camphor, 0.5 mM NaClO4 and 0.5 mM NalOy. Scan rate:
50 mV s
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covers the electrode, i.e. between about —300 and —700 mV (Fig. 28c). The phase
transitions accompanying the formation or dissolution of the condensed camphor
film, respectively, cause the hystereses in the CV, which also persist under stationary
conditions. The bistability I in the more negative potential range exhibits the shape
of an S, whereas the other bistability II in the more positive range is of the Z type.
When lowering the conductivity, the S-type bistability disappears and the current-
voltage curve becomes single-valued (Fig. 28d), in agreement with the general two-
parameter bifurcation diagram of S-NDR systems (Fig. 27). Notice that in the
camphor/periodate system the characteristic rates of adsorption and desorption of
camphor are obviously not fast enough to support an oscillatory instability. How-
ever, in Section 4.2.1 it will be emphasized that the system exhibits a spontaneous
emergence of stationary patterns for low electrolyte concentrations, such as those
underlying Fig. 28d.

With this concrete system, we can also demonstrate the origin of the autocatalysis
and negative feedback loop that comes about when the ohmic series resistance is not
negligible. (This critical resistance depends on the width of the bistable region in the
1/¢py curve; it might be as small as a few 10 Q.) The positive feedback is due to the
attractive interactions between the camphor molecules, which cause an avalanche-
like (i.e. autocatalytic) building of the condensed phase when the coverage exceeds a
critical value. Now suppose that the system is in a state at a potential negative to the
one where the complete condensed phase exists. Then a fluctuation in ¢p; towards
more positive values causes an increase of the equilibrium concentration of adsorbed
camphor (and for suitable parameter values the autocatalytic building of the con-
densed film). Since camphor inhibits the reduction of 104~, the current density I de-
creases. Under potentiostatic conditions, however, a decrease in / prompts a shift of
¢pr toward more negative values. Hence, the fluctuation is damped.

The homogeneous dynamics of the system could be reproduced qualitatively de-
scribing the time evolution of the camphor coverage, 6, in the Bragg—Williams ap-
proximation [33], following earlier suggestions by Frumkin [162]:

do

— =lk.a(l — w(ppL) g—90/2RT _ k —w($pL) o 90/2RT 4
o ad( 0)e e Jbe e (43)
with
1 , 1
w(épL) = *z(co = C)¢pL + CidpLdam NowikpT’ (44)

where Npy.x denotes the maximum number of molecules that can adsorb on a unit
area and kp Boltzmann’s constant. The two terms in w(¢p; ) account for the work
expended in the adsorption process due to a decrease in the dielectric constant and to
an increase in the double layer thickness upon adsorption, on the one hand, and the
energy associated with the dipole moment of the molecules adsorbed, on the other
hand. (¢ is measured versus the pzc at 6 =0, ¢, is the shift in pzc during the
transition from 6 = 0 to § = 1.) The specific capacities of the bare and the adsorbate-
covered electrode are denoted by Cy and Cj, respectively. g represents the interaction
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Fig. 29. (a) Coverage of a neutral species, 6, as a function of the electrode potential as described by Egs.
(43, 44). (b) Current-potential characteristic in the absence (dashed line) and in the presence (solid line) of
the adsorbate according to Eq. (45). For parameter values, see Ref. [33].

energy between the molecules. For g < —4, Eq. (43) describes an isotherm with a
high coverage, corresponding to the condensed phase, in a potential interval around
the pzc and two multivalued regions arising from the phase transition to a dilute
phase (Fig. 29a).

If the adsorbate itself does not react electrochemically, but inhibits the electron
transfer of a faradaic reaction that proceeds via Butler—Volmer kinetics on the free
surface, the temporal evolution of ¢ reads

dfpL _ s L Y=L . _anF
o o —(1 — @)nFc ke JrTQ with 0 = T’

(45)
where the coverage dependence of the double layer capacitance C was neglected and
a sufficient overvoltage for the faradaic reaction was assumed such that the back-
ward reaction can be neglected too. ¢, stands for the bulk concentration of the elec-
troactive species, k, for the rate constant, and V for the equilibrium potential of the
reaction. o denotes the transfer coefficient. In the two regions in which the isotherm is
multivalued, the stationary current-potential curve possesses the form of an S or Z,
respectively. Focusing on the S-region, Eqs. (43-45) capture the transition from
the bistable to the monostable region (cf. Figs. 27 and 28) for realistic values of the
parameters whereas an oscillatory instability is absent, in agreement with the experi-
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ments. With this model also the first theoretical studies on spatially extended S-NDR
systems were carried out, predicting the existence of stationary patterns in large pa-
rameter regions. Thus, we shall encounter it again in Section 4.2.1.

3.2.3 CO Bulk Oxidation

Studies on electrochemical CO oxidation by either stripping voltammetry of a pre-
adsorbed (sub-) monolayer of CO or by the continuous oxidation of CO on rotat-
ing disk electrodes revealed that CO oxidation proceeds through a Langmuir—
Hinshelwood mechanism [109, 163, 164]. The latter implies that both reacting spe-
cies, CO and OH, adsorb at the electrode prior to their reaction to CO,. In the con-
text of dynamic instabilities this result is of utmost importance since the Langmuir—
Hinshelwood mechanism leads to an instability in the current-voltage characteristic if
the adsorption rate of one of the educts comes into the transport limited region [16].

Indeed, the occurrence of an S-shaped current potential curve during the contin-
uous electrochemical oxidation of CO on rotating Pt single-crystal electrodes was
reported recently [159]. Cyclic voltammograms obtained during CO oxidation on a
rotating Pt(110) electrode in perchloric acid for different scan rates and disk rotation
rates are reproduced in Fig. 30a. Besides the sharp “ignition peak” in the anodic
scan, the I/U curves exhibit a coexistence region between a low current state and
a reactive state. The bistable region becomes narrower for slower scan rates, but
remains finite at the lowest rates used, indicating that the system is in fact bistable
under stationary conditions.

Further evidence for the existence of an S-shaped I/¢; curve was obtained from
current-controlled measurements. The galvanodynamic curves possess the form of an
S at high sweep rates and decreasing current densities (Figure 30b). However, at low
scan rates the obtained curves were rather irregular, the potential fluctuating around
a value that is nearly independent of the imposed current.

It should be mentioned that the behavior discussed so far was typical for the three
low-indexed Pt single crystal electrodes and for a polycrystalline Pt disk in perchloric
and sulfuric acid, with one exception, Pt(111) in H,SO4 [159]. Here, the potential
oscillates regularly under galvanostatic control when imposing a current density that
corresponds to a state on the NDR branch. So far, there is not yet a mechanistic
explanation of the oscillations. However, because of the relatively small rate of CO
adsorption, it seems to be unlikely that ¢; would be responsible for the negative
feedback. Under potentiostatic control, the current density of the active, high-current
branch decreases when increasing the applied voltage, which is interpreted as a
blockage of the surface by sulfate adsorption. Koper et al. speculate that the oscil-
lations might be related to this negative differential resistance, but they also empha-
size that further experimental evidence is necessary for a real understanding of this
oscillatory instability.

Azevedo et al. observed oscillations during CO electrooxidation also on rotating
polycrystalline Pt disc electrodes under potentiostatic conditions [165]. The oscilla-
tions arose only in a small window of the external potential and required the rotation
of the electrode. Since the conditions were such that the /R drop was negligible, it is
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likely that the source of the instability is of chemical nature. But again, at the present
stage, this should be seen as a working hypothesis.

Koper et al. [159] also discuss a simple model for the continuous electrochemical
CO oxidation that can reproduce their main observations. The following steps are
taken into account:

(a) a finite mass transport rate of CO from the bulk to the surface,
COpuik < COy; (R3.16)

(b) the competitive adsorption of CO and OH,
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CO;s + % — CO (R3.17)
H>0 + % «— OHyqs + HY +¢7; (R3.18)

and (c) the reaction between the adsorbed species,
CO,ds + OHygs — CO, + H +e7 + 2% . (R3.15)

Formulating appropriate rate laws for CO adsorption, OH adsorption and the reac-
tion between these two surface species, a set of four coupled ordinary differential
equations is obtained, whereby the dependent variables are the average coverages of
CO and OH, the concentration of CO in the reaction plane and the electrode poten-
tial. In accordance with the experiments, the model describes the S-shaped I/U curve
and thus also bistability under potentiostatic control. However, neither oscillatory
behavior is found for realistic parameter values (see the discussion above) nor can the
nearly current-independent, fluctuating potential be reproduced, which is observed
for slow galvanodynamic sweeps (c.f. Fig. 30b). As we shall discuss in Section 4.2.2,
this feature might again be the result of a spatial instability.

4 Spatiotemporal Patterns

From an electrochemical point of view, all the spatiotemporal patterns interesting in
our context are the result of the interaction of interfacial kinetics, migration currents,
and global feedbacks that arise from the control of the experiment. In the terminol-
ogy of nonlinear dynamics, the same fact would be phrased somewhat differently,
namely that electrochemical patterns originate from the interplay of the homoge-
neous or local dynamics, and spatial coupling. In an attempt to bridge both view-
points, in Section 2 it was shown that migration currents and global constraints
couple the individual sites of the electrode among each other, and thus contribute to
the spatial coupling in electrochemical systems. Neglecting any spatial inhomogen-
eities, Section 3 dealt with the conditions under which the homogeneous system
exhibits dynamic instabilities. This approach enables us to shed light on the way in
which the interaction of the interfacial kinetics, migration currents and operation
mode gives rise to spatial instabilities, which is the topic of this section.

The spatial coupling in electrochemical systems is manifold and crucially depends
on the cell geometry. The electric field distribution in the entire electrolyte determines
the so-called migration coupling; the position of the reference electrode regulates the
strength of a superimposed negative (desynchronizing) global coupling; and there is
an additional positive global coupling if the experiment is carried out under current
control.

As for instabilities in homogeneous electrochemical systems, we distinguish be-
tween two main classes, N-NDR systems, which are connected with an N-shaped
current-potential curve and S-NDR systems, in which the current-potential curve
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traces the form of an S. From a dynamic point of view, the decisive difference be-
tween N-NDR and S-NDR systems is that in the former the double layer potential is
the autocatalytic variable, i.e. the activator, whereas in the latter, it is the negative
feedback variable, or the inhibitor. Migration coupling and global constraints have a
repercussion on the electrode potential, and thus these modes of spatial coupling act
on the activator variable in N-NDR systems and on the inhibitor variable in S-NDR
systems, giving rise to fundamentally different spatial instabilities in the two types of
systems. For this reason, we again divide this section into two main subsections that
are devoted to patterns in N-NDR and S-NDR systems, respectively. In each sub-
section we investigate first the impact of migration coupling on pattern formation
under conditions under which both types of global coupling can be ignored, then the
effect of either an additional negative or an additional positive global coupling is
considered.

4.1 N-NDR Systems: The Electrode Potential as
Autocatalytic Variable

4.1.1 Nonlocal Migration Coupling

As discussed in Section 2, any global coupling stemming from the operation mode of
the cell is absent under potential control if the RE is far away from the WE, i.e. on
the height of or further away than the CE. Then, all the “communication” among
different positions occurs exclusively through the electric field within the electrolyte,
i.e. through migration coupling. In this subsection we shall exclusively refer to such a
situation.

We also showed in Section 2 that the migration coupling differs qualitatively in
systems, in which the WE is surrounded by an insulating plane, such as a disk elec-
trode embedded in a Teflon cylinder, from those in which there is no conductor/
insulator transition in the plane of the WE along the pattern forming spatial direc-
tion (cf. Fig. 3). An example of the second type of electrodes would be a thin-ring
electrode. The latter geometries give rise to a simpler spatial coupling, and we will
refer to it as the “base geometry”.

Let us first consider pattern formation in systems with base geometry. Further-
more, let us assume that the CE is placed in a plane parallel to the WE and has about
the same geometry as the WE. Then, there exist states with uniform potential and
current distribution, i.e. homogeneous states, and we can investigate the response of
a system to local perturbations or spatial fluctuations.

The simplest situation arises for bistable systems in which the basic pattern is a
front, i.e. an interfacial region that connects the two locally stable stationary states
and propagates in space.!® Thereby one of the two states expands on the expense of
the other one. Two experimental examples of potential fronts propagating along the

197n the strict, mathematical sense, fronts (or traveling waves) exist only in an infinite domain. In a finite
domain, the moving interfaces are transient phenomena. However, for practical purposes, we can still
identify moving interfaces as fronts as long as the domain is much larger than the width of the interface.
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Fig. 31. Experimental potential fronts (a) during the corrosion of gold in a concentrated HCIl/NaCl solu-
tion (after Ref. [85]); (b) during the potentiostatic reduction of S,05>~ on a silver ring electrode in dilute
electrolyte [166]. On the left are the corresponding set-ups.

electrode/electrolyte interface are depicted in Fig. 31. Figure 31a shows plots of po-
tential versus time for the electrodissolution of gold at two positions of a wire 50 cm
apart [85]. The large drop in the electrode potential by more than 1 V is the result of
a passing passive front. This front passes the second potential probe one second later.
Both curves are of an identical shape, which implies that both, front profile and front
velocity are constant.

In contrast, front profile and velocity vary in the example shown in Fig. 31b.
These potential profiles were recorded in front of a ring electrode during the reduc-
tion of peroxodisulfate [166]. The spatial resolution was obtained with a single mea-
suring probe over which the ring electrode was rotated. The rotation of the ring thus
served two purposes: to obtain information about the double layer potential as a
function of space, and to ensure a defined mass transport. Notice that it does not
affect pattern formation. In this example we see the whole transition from an initially
homogeneous passive (low-current) state to an active (high-current) state. The front
emerged through a local fluctuation at about 180°, and then the active state ex-
panded with increasing velocity. In other words, the fronts accelerate with time. Ac-
celerating potential fronts have since been found for several electrochemical systems,
such as for cobalt [167] and iron dissolution [168, 169].

Before the origin of the acceleration as well as the different behaviors observed in
the two systems is explained, it is useful to briefly review how the interaction of the
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Fig. 32. Illustration of front motion
in a bistable system due to the inter-
—>  play of homogeneous dynamics and
X migration coupling (see text).

homogeneous dynamics and migration coupling generates a front. Imagine a situa-
tion corresponding to the initial state of the transition shown in Fig. 31b, i.e. that a
bistable system is in one of the two stable states (state 1) and a fluctuation drives it at
some position in the other one (state 2) (Fig. 32, solid line). The arising inhomoge-
neous potential profile at the electrode leads instantaneously to a reconfiguration of
the potential distribution within the entire electrolyte, thereby also changing the
electric field, and thus the migration currents, at the electrode/electrolyte interface.
These changes, which actually constitute the migration coupling, cause a recharging
of the double layer in such a way that the profile becomes broadened (Fig. 32 short
dashed line). In the absence of the reaction, the profile would continue to lose struc-
ture because of the migration coupling and eventually the electrode would be again
in a homogeneous state. However, the homogeneous dynamics tries to drive the sys-
tem back to the steady states. All positions in which the electrode potential is above
the unstable steady state (the horizontal dot-dashed line in Fig. 32) tend to evolve
towards the upper steady state and all states below this separatrix to the lower one,
as indicated by the arrows. Hence, the overall effect caused by the combined action
of transport process and reaction is the motion of the two interfaces, and the more
stable of the two stationary states (state 2 in Fig. 32) expands on the expense of the
other (metastable) one (Fig. 32 long dashed profile).

The manner in which it expands depends on the range of the spatial coupling. In
Section 2 it was derived that in electrochemical systems with base geometry the cou-
pling range depends on the ratio between the extension of the WE in the pattern
forming region (e.g. the circumference of a ring electrode) and the distance between
the WE and the CE. If this aspect ratio is much smaller than 1, or, in other words, if
the CE is close to the WE, the migration coupling is local: a change of the electrode
potential at a particular position leads instantaneously only to a measurable re-
charging of the double layer at positions very close to the perturbation (Fig. 33b). In
bistable systems with local coupling fronts move with constant speed and shape [2,
14]. The most important coupling mechanism leading to local coupling is diffusion
[14]. Hence, in the classical reaction-diffusion systems (Eq. (2)), fronts move always
with constant speed.

If the distance between the WE and the CE is equal or larger than the length of
the WE in the pattern forming direction, then the migration coupling is long-range or
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Fig. 33. Schematic representation of the potential distribution in the electrolyte as a result of an in-
homogeneous distribution of the electrode potential, ¢ , and the effect of migration currents induced by
the inhomogeneous potential distribution on the local temporal evolution of the potential (a) for the case
that the length of the WE is much smaller than the distance between the WE and the CE; and (b) for the
case that the length of the WE is much larger than the distance between the WE and the CE. The length of
the arrows in the representations below the potential distributions indicate how the contribution of the
migration couplings to the temporal evolution of ¢, changes as a function of distance from the distur-
bance. (x, z: spatial coordinates parallel and perpendicular to the WE, respectively. The electrode is assumed
to be one-dimensional and the electrolyte two-dimensional.)
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Fig. 34. Illustration showing why nonlocal coupling
leads to accelerated front motion. The arrows indi-
— cate the contribution of the migration coupling on
AX the temporal evolution of the double layer at a cer-
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point) for different potential distributions.

nonlocal (Fig. 33a): A perturbation of the state of the electrode at a certain location
X instantaneously causes a change of states at locations far away from the distur-
bance. The closer a given location is to xj, the larger the change at this location.
Thus, for aspect ratios > 1, a local perturbation causes the recharging of the double
layer along the entire interface, though to a decreasing amount with increasing dis-
tance from the interface (see also Section 2.2). The same fact can be also expressed
differently: The contribution of the migration coupling to the temporal evolution of
¢p at a particular position depends on the value of double layer potential at all the
other positions.

With this in mind, it can be illustrated why nonlocal spatial coupling causes the
acceleration of waves. In general, the front velocity depends on the characteristic
rates of homogeneous dynamics and transport processes. The larger both rates, the
faster the front velocity. The vital effect of the nonlocal coupling on the front speed is
that it leads to an increase of the characteristic rate of the transport term with time.
Consider a position at a certain distance from the moving interface, as indicated in
Fig. 34. Depicted again is a situation during a transition in the bistable regime. The
spatial coupling causes the potential profile to smear out. For the situation of Fig.
34, this means there is a positive contribution from the spatial coupling term to the
temporal evolution at our reference distance from the interface (arrows). Because
every point along the interface that is in a state different from the reference state
contributes to the spatial coupling, the magnitude of the coupling term becomes the
larger the more points are in a state with a double layer potential more positive than
our reference state. In other words, the strength of the coupling that the reference
state experiences increases with the portion of the electrode that is already in the
other state. Clearly, this portion increases during the transition, and for this reason
also the front velocity increases.

Hence, the different front behavior depicted in Fig. 31 is most likely due to a
difference in the coupling range. In the experimental set-up with which the data of
Fig. 31b were measured, the electrode geometry was clearly such that the coupling
was long-range. At the time the measurements shown in Fig. 31a were carried out,
the connection between cell geometry and propagation behavior of fronts was not yet
known, and the relative location of the electrodes can unfortunately no longer be
reconstructed. However, since a wire of more than 50 cm in length was used as a
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Fig. 35. Simulations showing the influence of electrode geometry on front behavior (one-variable system):
(a) short distance between the WE and the RE (strong negative global coupling); (b) intermediate distance
between the RE and the WE, the CE far away from the WE (undercritical negative global coupling);
(c) close distance between the WE and the CE (approximate local migration coupling, no global coupling);
(d) large distance between the CE and the WE, RE placed behind the CE (nonlocal migration coupling,
no global coupling); (¢) under galvanostatic conditions (positive global coupling). The simulations were
carried out for a ring-electrode; the x-scale runs between 0 and 2.

working electrode, it is likely that the ratio of the distance between the working and
the counter electrode relative to the length of the electrode was « 1. Thus, conditions
probably existed in which the migration coupling can be approached by a diffusion
coupling. This variation of the front behavior with the aspect ratio of the cell is also
reproduced in simulations, with the base geometry and the one-variable systems (Eq.
(11)), whereby k(¢pr) was modeled by a polynomial of third degree. Fig. 35¢ depicts
a simulation in which the distance between the WE and the CE was small, the fronts
move with constant velocity. The accelerated fronts shown in Fig. 35d were obtained
with a large aspect ratio of electrode length to distance between the WE and the CE.

The nonlocal coupling manifests itself also in other dynamic regimes. Baba et al.
investigated the spatiotemporal behavior of a 3 cm long iron wire during oscillations
at the active/passive transitions in sulfuric acid (Fig. 36A). They monitored the local
current density with 16 one-bit logical analyzers. In general, they found that the in-
crease of the current density was accompanied by a potential front that traveled
across the wire with increasing velocity, whereby the front speed depended strongly
on the applied voltage (Fig. 36B). The repassivation occurred much slower and ap-
parently without the formation of a front. A similar behavior was reported by Jaeger
and coworkers, who investigated waves during oscillations at the active-passive
transition during electrodissolution of a thin cobalt ribbon electrode [170]. In this
case, two active areas emerged simultaneously at the edges of the thin ribbon elec-
trode and propagated toward the center with increasing velocity.

Although neither a wire nor a thin ribbon is a strict example of a WE supporting
base geometry, we can expect that for both cases, i.e. essentially one-dimensional
electrodes in a three-dimensional electrolyte, edge effects are much less pronounced
than in the case of two-dimensional electrodes surrounded by an insulating plane.
Hence, we can tentatively interpret the observations by assuming that the accelerated
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Fig. 36. (A) Self-sustained oscillations during the dissolution of a 3 cm long iron wire in 1 M sulfuric acid
at different electrode potentials (a) 0.290 V, (b) 0.285 V, and (c) 0.280 V vs. SCE. (B) Position of the acti-
vation front (i.e. during the rising part of the oscillations) versus time. Electrode potentials (a) 0.38 V, (b)
0.34 V, (c) 0.30 V, (d) 0.28 V vs. SCE. (Reproduced from R. Baba, Y. Shiomi, S. Nakabayashi, Chem.
Eng. Science 55 (2000) 217 — 222 with permission from Elsevier Science, © 2000).

activation fronts are induced by the nonlocal migration coupling in very much the
same way as in the bistable region.

In fact, simulations with the prototype N-NDR oscillator (i.e. the homogeneous
system given by Egs. (38a,b) and the spatial coupling'! by Eq. (17)) in a parameter
region in which the oscillations are relaxation-like, show a very similar picture (Fig.
37) [34]. The increase in current density is accompanied by the accelerated propaga-
tion of a sharp potential interface across the surface. During the remaining part of an
oscillation the potential becomes increasingly homogeneous. Thus, the spatiotem-
poral picture during an oscillation can be described as a kind of ‘“‘source point”
which sends out a fast and accelerating activation wave that propagates across the

1 Diffusion of the inhibitor parallel to the electrode is much smaller than the characteristic rate of spatial
coupling of the activator (migration), and can therefore be ignored [26)].
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Fig. 37. Gray-scale representation of a calculated spatio-
temporal evolution of the potential at a ring electrode (top)
and time series of the global current (bottom) in the oscilla-
tory regime of the N-NDR oscillator. (The calculation was
done for reduction currents; hence, the largest current is in
t the peak of the oscillation.)

b
n

whole surface and leaves behind a nearly uniform and reactive electrode. For the rest
of the cycle the electrode slowly passivates again in an almost homogeneous manner.

The origin of the instability in the simulations, and most likely also in the Fe and
Co dissolution experiments, can perhaps be best understood in the picture of the
mode equations (Eqgs. (21a,b)). The homogeneous modes undergo an oscillatory in-
stability according to the mechanisms discussed in Section 3.1.3. The arising homoge-
neous limit cycle may excite also higher modes due to the nonlinearity of the reaction
terms. However, the growth of the modes is damped by the migration coupling
(proportional to —on coth(nf)). Whether the homogeneous oscillation is stable thus
depends on whether the damping of the modes by the migration coupling is stronger
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than their excitation due to the nonlinearity of the reaction term. During the fast in-
crease in current density, the nonlinear coupling of the modes is especially effective,
and a potential wave emerges that is damped again when the temporal changes are
slower. In the terminology of nonlinear dynamics, this is a Benjamin—Feir unstable
limit cycle [2, 171].

The N-NDR prototype model possesses also a small parameter regime close to
the Hopf bifurcation in which the spatiotemporal picture becomes much richer. De-
pending on the conductivity of the electrolyte and the size of the electrodes either
comparatively regular wave patterns with a low wave number or turbulent looking
patterns with much higher wave number establish [34, 172].

An experimental confirmation of such patterns in systems whose dynamics seem
to be well described by the prototype N-NDR model (i.e. where the negative feed-
back arises from a delayed transport of the electroactive species) is still missing. This
is not really astonishing because the predicted parameter region for “complex’ pat-
terns is quite small in the model [31, 34]. It also depends on the parameters entering
the reaction term such that probably not all N-NDR oscillators exhibit these wave
phenomena. Hence, the requirements for spatial instabilities of limit cycles are much
more restrictive than for temporal oscillations where any system with an N-NDR
(independent of the detailed kinetic) possesses also an experimentally accessible pa-
rameter range that exhibits oscillations.

There is, however, an experimental HN-NDR system that possesses an im-
pressively rich variety of spatiotemporal behaviors, the oxidation of H, on a Pt ring
electrode in the presence of Cu?t and CI~. In the entire parameter region inves-
tigated so far, all temporal oscillations of current or potential were found to be ac-
companied by spatial structures [173, 174]. In wide parameter ranges, the temporal
oscillations are simple periodic, the patterns possessing predominantly wave number
1. However, for relatively low Cu concentrations, transitions from this regular be-
havior with a simple spatial structure to more complex irregular patterns were ob-
served for increasing values of the external voltage (Fig. 38) [175]. The larger the
external voltage, the higher the wave numbers that are excited such that the charac-
teristic length of the patterns decreases. The corresponding time series of the global
current (not shown) exhibit aperiodic oscillations with increasingly smaller ampli-
tude. These observations point to the fact that this is an experimental example for a
transition from periodic spatiotemporal structures to spatiotemporal turbulence, to
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Fig. 38. Irregular spatiotemporal behavior during H, oxidation on a Pt ring at a fixed external potential.
Electrolyte: 0.5 mM H,S04, 107> M Cu?*, 0.1 mM CI~. (For clarity, the homogeneously oscillating part
of the data has been subtracted.)
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the best of my knowledge the first ever in a chemical system. From a theoretical
point of view, there are many interesting open questions. The first question concerns
the “basic instability” of the homogeneous oscillation, which appears in a parameter
range that is much larger than in the N-NDR oscillators. This could be characteristic
for HN-NDR oscillators, but specific features of the reaction mechanism of this
particular system could also cause it. Other questions are which bifurcations are in-
volved in the transition and again, what the essential features for the occurrence of
the spatiotemporal complexity are.

Otterstedt et al. carried out a series of experiments on spatiotemporal pattern
formation during cobalt electrodissolution in phosphate solutions [170, 176]. Some
of these experiments were done with a “quasi one-dimensional’” ribbon WE, where
edge effects are not pronounced. The arrangement of the remaining electrodes was
such that the negative global coupling is minimized. Hence, we can assume that also
here the patterns arise owing to the interplay of reaction dynamics and migration
coupling only. Above, we already mentioned that simple periodic oscillations were
characteristically accompanied by accelerating activation fronts. If the parameters
are varied (such as the phosphate concentration), the activation phase becomes
longer and the current time trace is superimposed by small oscillations (Fig. 39a).
These small oscillations arise from oscillations in the width of the active range: the
motion of the leading front is an accelerating motion (Fig. 39b); the back front dis-
plays a pulsating behavior in the passive range, however [170]. Similar phenomena
are also observed for the dissolution of cobalt in the excitable range of the reaction,
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Fig. 39. (a) Total current; (b) position of the leading front as a function of time for a single, autonomous
oscillation during dissolution of a cobalt ribbon electrode; and (c) experimental set-up. (Reproduced with
permission from R. D. Otterstedt, P. J. Plath, N. I. Jaeger and J. L. Hudson, Phys. Rev. E 54 (1996) 3744,
© (1996) by the American Physical Society.)
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Fig. 40. Activation of a ribbon electrode with modulation and reflection at the end of the ribbon during Co
dissolution in buffered phosphoric acid. The patterns were measured with 16 potential probes. White de-
notes total passivity; black, highest activity. (Reproduced with permission from R. D. Otterstedt, N. L.
Jaeger, P. J. Plath and J. L. Hudson, Phys. Rev. E 58 (1998) 6810, © (1998) by the American Physical
Society).

where a local excitation at one end of the ribbon caused the formation of an active
pulse that changed its width while propagating across the electrode [176]. For larger
phosphate concentration, bringing about a faster repassivation, the motion of the
pulse became even more complex. Wave splitting events as well as the reflection of
the pulse at the end of the ribbon occurred (Fig. 40). The authors discuss how the
interaction of the kinetics of the repassivation of the electrode and long-range
migration coupling could give rise to the complex motions. It is a challenge for future
work to convert these ideas into a mathematical model.

So far, all examples discussed, theoretical as well as experimental ones, involved
quasi one-dimensional electrodes. Concerning studies with two-dimensional elec-
trodes and base symmetry, there is only one theoretical approach. Karantonis and
Nakabayashi investigated pattern formation on a disk electrode in a set-up with base
geometry, i.e. the disk forms the top of a hollow cylinder (cf. Fig. 3a) [39]. As a first
step they only considered pattern formation in the radial direction, while assuming
the azimuthal direction to be uniform. This allowed the solution of Laplace’s equa-
tion by an infinite series of Bessel functions. In Fig. 41 snapshots of the electrode
potential distribution at different phases of an oscillation are reproduced, showing
clearly the participation of a low eigenmode in the oscillation. The model under-
lying these calculations is an electrodissolution model that follows the dissolution-
participation model introduced in Ref. [87]. We should note that the model is less
realistic than the original model since it does not incorporate changes of the surface
pH for all long-term solution (thus the negative feedback is not due to a shift in the
Flade potential but due to the salt film dynamics). Hence, this study aims at con-



57
0957095

095 095 037

09570095

Fig. 41. Calculated spatial variation of the double layer potential of a disk-shaped electrode in a hollow
cylinder (cf. Fig. 3a) at different phases of an oscillation. (Reproduced from A. Karantonis and S. Naka-
bayashi, Electrochimica Acta 46 (2000) 745—757 with permission from Elsevier Science.)
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Fig. 42. Calculated potential distribution at a disk electrode embedded in an insulator at different instants
in time during one oscillation of the global current. Black denotes the most passive state of the electrode
surface; white, the most active one. (Reprinted from A. Birzu, B. J. Green, R. D. Otterstedt, J. L. Hudson,
N. L. Jaeger, Z. Phys. Chem. 216, 459 (2002) with permission from Oldenbourg Wissenschaftsverlag.)

tributing an answer to the question of what type of patterns might emerge in oscil-
lating systems with a certain type of geometry, rather than giving a realistic descrip-
tion of a specific metal dissolution reaction.

The first truly two-dimensional patterns were calculated by Birzu et al. for a disk
electrode embedded in an insulating surface [28]. This is a typical example of a
geometry with edge effects where the change of the effective electrolyte resistance
along the radial direction strongly influences, if not dominates, pattern formation.
For the simulations, the two-variable model for oscillations at the active/passive
transition of metal dissolution reactions was employed.!> The dominant pattern
obtained when placing the RE on the axis of the disk and close to the CE, i.e. with-
out an additional negative global coupling, is reproduced in Fig. 42. It is clearly
axially symmetric, and it appears as if the rim of the electrode sends out a passivation
wave, whereas the reactivation of the electrode starts in the center of the disk and
moves outward. Also in the few experimental studies of patterns on disk electrodes
reported so far, radially symmetric waves emerging from the rim of the electrode
constituted a dominant pattern [177-180].

Note that these “primary’’, radially symmetric waves on disk electrodes are, from
a dynamic point of view, fundamentally different from all the waves discussed above.
The latter ones emerge due to a spatial instability of a homogeneous state, whereas
for disc electrodes such a homogeneous state does not exist. In Section 2.2 it was
shown that for electrodes embedded in an insulator, the effective resistance changes
with the radius. Neglecting the spatial coupling through the electrolyte, the differen-
tial equation for the double layer potential depends on the radial position p accord-
ing to

U_¢DL

dépL _
¢ B ARa(p)

i —ir(¢pL) + (46)

Since at the edge of the electrode Ra(peqge) = 0, @ pr(Pedge) 1s always identical to the

121n a rigorous sense, the incorporation of changes of the proton concentration due to migration is prob-
lematic when Laplace’s equation is used to determine the potential distribution [25]. On the other hand, it
seems to be highly unlikely that, when determining the true potential distribution, the patterns would be
affected by more than a minor correction. This justifies the approach chosen by Birzu et al.
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Fig. 43. Skeleton bifurcation diagram of an N-NDR oscillator. R(p = 0): effective resistance at the center
of a disk electrode; R(p = edge) = 0: effective resistance at the edge of the disk electrode.

externally applied voltage U, and the disk is in the most passive state, whereas the
center acquires the most active state. The states involved and their corresponding
dynamics can be read off from a skeleton bifurcation diagram of the homogeneous
system as sketched in Fig. 43: Depending on U and the effective resistance in the
center of the disk (p = 0), there are situations where — without migration coupling —
the rim would be in a passive state, the center in an active state, and in an inter-
mediate range the dynamics would be oscillatory; or, for higher electrolyte conduc-
tivity, the central region would be oscillatory and an outer circle in the passive state
and so on. Thus, even without any migration coupling the potential distribution
varies radially. The migration coupling tends to adjust the potentials such that the
differences will be smoothened. Moreover, an oscillating region can enforce oscil-
lations in a region that would be otherwise stationary. Hence, on any disk electrode,
an oscillation is accompanied by radially symmetric waves even if the interplay of
reaction dynamics and migration coupling would not result in a spatial instability in
a system with base geometry (i.e. without edge effects). Of course, spatial instabilities
will often occur in addition, manifesting itself ¢.g. in a broken symmetry along the
azimuthal direction, or a more complex behavior in the radial direction.

The spatial “unfolding” of the potential-dependent bifurcation structure can also
be achieved by employing an asymmetric placement of the WE and the CE electro-
des, as demonstrated by Steinbock and coworkers [181]. An asymmetric arrangement
leads inevitably to an asymmetric distribution of the electric field, excluding the pos-
sibility of truly homogeneous states. An extreme case is the set-up shown in Fig. 44a:
The cathode, a steel wire, and the anode, a Pt electrode, are placed along one line.
Hence, the effective resistance between a point on the cathode and the anode changes
monotonically along the steel wire. As can be seen in Fig. 44b, going from the region
closest to the anode to larger distances, the iron wire is first in a stationary state;
adjacent to this is an oscillatory region that exists only in a comparatively small
interval. It sends out pulses to its right, which fail to propagate at a certain position
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Fig. 44. (a) Scheme of the electrochemical cell. (b)
Time-space plots of the electrodissolution of steel in
12.2 M HNO;s. (Reproduced from K. Agladze, S.
—————r——— Thouvenel-Romans, and Oliver Steinbock, Phys.
0 5 10 15 20 25 Chem. Chem. Phys. 3 (2001) 1326 by permission of

the Royal Society of Chemistry on behalf of the
space (mm) PCCP Owner Societies.)

behind which the system is again in a stationary state, which is however different
from the first one'3.

13The authors identify the region closest to the anode with the active region, and the one at the other end
of the wire with the passive one. If the certainly simplified consideration is correct that the origin of the
different states is the increasing effective electrolyte resistance with increasing distance from the anode,
then this assignment should be just the other way around (cf. Fig. 43).
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4.1.2 Negative Global Coupling: Close Distance Between the WE and the RE

In many experiments the RE probes the electrolyte potential not at the height of or
behind the CE, but somewhere between the CE and the WE. As shown in Section
2.3, this introduces a global, negative feedback into the system, i.e. a local change of
the double layer potential is fed back (through the potentiostat) to all the positions of
the WE in such a way that differences in ¢; are enhanced. In general, a negative
global feedback strongly promotes the development of patterns [2, 18, 19]. Also in
electrochemical systems a close RE proved to give rise to a rich abundance of pat-
terns. Since the use of a Luggin—Haber capillary is a standard method in electro-
chemistry to minimize the voltage drop through the electrolyte, an understanding of
the impact of the placement of the RE on the stability of homogeneous states is of
particular importance.

Electrochemical pattern formation that is dominated by a negative global cou-
pling is discussed in this subsection. The basic destabilization mechanism is easiest
explained with one-variable systems whose dynamics can be captured by considering
the double layer potential only which will be discussed first. Then we deal with pat-
tern formation in oscillatory systems. Since again the complete geometry of the elec-
trode arrangement determines the patterns, in each case first systems with base sym-
metry and than those with edge effects are discussed. Furthermore, as soon as the RE
is placed between the WE and the CE, the lateral position of the RE becomes im-
portant, too. Hence, for both the one-variable and the two-variable systems we start
with the simplest geometry, which is always the most symmetric one, and then dem-
onstrate the effect of a “perturbation” of the cell symmetry.

Stationary Domains in One-Variable Systems

Homogeneous one-variable N-NDR systems might be monostable or bistable, de-
pending on the resistance, Rq, between the WE and the RE. A negative global cou-
pling can destabilize the homogeneous steady state on the NDR branch that exists
for low values of the resistance in a parameter range that is similar to the range of
resistances in which oscillations are found in two-variable N-NDR systems (cf. Fig.
11). Furthermore, within the bistable parameter range it supports the emergence of
stationary domains with greatly different ¢ that coexist with the two homogeneous
stationary states.

The simplest geometry with which these effects can be proven is a ring WE with
the RE on the axis of the ring, as was the case in the experiments reproduced in Figs.
45 and 46. Fig. 45 shows stationary potential domains that were measured during the
reduction of S,0g%~ on an Ag ring electrode [42]. When placing the RE close to the
WE, the cyclic voltammogram exhibited an N-NDR region (Fig. 45a). Note that,
due to the small value of the uncompensated resistance, the cyclic voltammogram
does not exhibit a bistable region, and does not contain any sign of a dynamic in-
stability. However, when the outer voltage was fixed in the NDR range, the electrode
slipped into a patterned state consisting of two domains with different double layer
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Fig. 45. (a) Cyclic voltammogram and (b) stationary potential domains during the reduction of S,0g>~ on
a Ag ring electrode at fixed outer potential (U = —1.13V) [42]. The end of a Haber-Luggin capillary was
positioned on the axis of the ring and close to the WE.

potentials and different reaction rates. These states were stationary in time (Fig.
45b).

Grauel and Krischer also detected similar stationary domains during the oxida-
tion of H, on a Pt ring electrode in sulfuric acid [182]. As can be seen in the cyclic
voltammogram in Fig. 46a, in this case the homogeneous active branch coexisted
with the oxide covered passive branch, and thus the homogeneous dynamics were
bistable. The stationary structure displayed in Fig. 46b spontaneously formed when a
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Fig. 46. (a) Cyclic voltammogram and (b) position-time plot of the local double layer potential during the
oxidation of H; on a Pt ring electrode in ImM H,SOy4. (¢, is coded in gray scale; the largest potential
value is shown in black, the smallest one in white). x runs between 0° and 360°, the time axis covers an
interval of about 75 s. The roman numerals in (a) denote different dynamical regimes: (I) monostable
(homogenous active state); (II) bistable (coexistence of stationary domains and the homogeneous active
state); (III) tristable (coexistence of stationary domains and the homogeneous active and passive state);
(IV) bistable (coexistence of stationary domains and the homogeneous passive state); and (V) monostable
(homogenous passive state).

constant potential was adjusted on the active branch close to its positive end. When
sweeping the voltage slowly once the system had attained the domain state, it could
be shown that the domains existed in a large region of the externally applied voltage
that reached at both ends beyond the saddle-node bifurcations of the homogeneous
system. When changing the voltage, the relative size of the two domains changed
continuously, whereby the active domain was the larger the smaller the voltage was
and, correspondingly, the passive domain grew when increasing the voltage. When
increasing the distance between the WE and the RE, the stationary domains eventu-
ally ceased to exist and front transitions were observed [182].

The stationary, self-organized domains could be reproduced in calculations based
on the model introduced in Section 2, whereby the equation for the double layer po-
tential is conveniently formulated as [27, 29, 37, 64]

; 0
c ('?fL =9(¢pL) — % IL—y(<¢DL> ~fou) - U<5_f - ﬁ>

(47)

w

z=WE

where the homogeneous dynamics has been lumped into the function g, the second
and third term describe the global coupling and the migration coupling, respectively.



Nonlinear Dynamics in Electrochemical Systems 169

/'
—
c
N
<
0
1.2 3 46 ,
® Fig. 47. Schematic of the growth rate A(n) (as defined in Egs.
(48) and (49)) of a perturbation of the homogeneous steady
state versus the wave number of the perturbation in the case of
negative global coupling.

7 = Reomp/Reen 1s defined as the ratio between the compensated part of the cell resis-
tance, Reomp, and the total cell resistance Reeii = o/w, (i.e. the resistance between WE
and CE, where ¢ is the conductivity of the electrolyte and w results from the cell
geometry). A calculation carried out with the two-dimensional cylinder geometry
of the cell (cf. Fig. 3d), an N-shaped current-potential dependence and a value of
Rncomp = 0.1 x Ry is reproduced in Fig. 35a. Also when the electrolyte was mod-
eled as a three-dimensional medium, stationary domains were stable solutions of the
model if the RE was positioned sufficiently close to the WE [29].

Performing a linear stability analysis, it can be readily shown under what con-
ditions the global coupling destabilizes the homogeneous steady state [37]. Therefore,
we consider again the two-dimensional cylinder geometry (Fig. 3d), and perturb the
homogeneous steady state ¢7); with Fourier modes of small amplitude: d¢p; (n) —

DL = 0ay () cos(nx). Then, in linear approximation, a homogeneous perturbation
(n = 0) will develop according to

doay 7 dg(¢p1)

7 d¢DL 500 =: A05a0 (48)

Vo

and a perturbation with wave number n according to

+% <1yy> — a(n coth(nf) — w ') |da, =: A.day. (49)
#du B

déani dg(¢p1)
di | dppy

whereby the second term in Eq. (49) arises from the global coupling. From its posi-
tive sign, it follows that it destabilizes all inhomogeneous modes, or, equivalently, the
homogeneous mode is stabilized. The last term stems from the synchronizing migra-
tion coupling and was derived in Section 2 (cf. Eq. (21)).

Clearly, a perturbation with a wave number n will decay, if the growth rate 4, is
negative and for positive growth rates, the perturbations will grow. The qualitative
dependence of the growth rate as a function of n is plotted in Fig. 47. It has a mo-
notonically decreasing characteristic for n > 0, but exhibits a jump toward smaller
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values for n = 0. Since the contribution of the migration coupling approaches 0 as
n approaches zero, this jump is due to the negative global coupling. If a system’s
parameter is varied, such as the externally applied voltage, then the whole curve,
including the value for n = 0, is shifted along the ordinate.'* Starting with a stable
homogeneous stationary state, i.e. all A(n) < 0, for a shift in the positive direction,
the growth rate becomes positive, first for a range of wave numbers 0 < 1 < By,
and then for the homogeneous mode (n = 0). For sufficiently large systems, #max > 1,
and the first physical meaningful mode that becomes unstable is the mode corre-
sponding to n = 1. The situation A; = 0 thus signifies a bifurcation at which the
homogeneous stationary state becomes unstable and a stable pattern with n =1
branches off the homogeneous steady state: the stationary domains are born. Notice
that the monotonic decay of the growth rate with increasing wave number excludes
the possibility of the emergence of a pattern with a defined wavelength, that is, a
wavelength that is independent of the size of the electrode.

Christoph [37] showed that the domain bifurcation can only occur if the zero-
frequency impedance Zr is negative. This can be easily seen with a few algebraic
transformations. Realizing that

1 _ 1
= Zp Yy (50)

oL R uncomp R uncomp

d9(¢pL)

0L

Oip

s oo

and

o y 1 o
4 _ _9 51
@ (1 - V) Runcomp @ ( )

the linearized evolution equations of the homogeneous mode (Eq. (48)) and the first
inhomogeneous mode (Eq. (49) with n = 1) become

doay _ 1 doa; _
= [ZF 1|¢s]s)L R oap and 7 [ZF 1\¢SEL — o coth(f)]oa;, (52)

uncomp d

respectively. Since the coth with a positive argument is always positive, the growth
rate /, can become only positive if the stationary state is on the negative differential
branch. Furthermore, 4; > 0 and 4y < 0 can only be satisfied simultaneously if

1 o
——— = — < o coth(p), 53
Roeom (B) (53)

where the uncompensated part of the cell resistance is expressed through the con-
ductivity and a geometric factor «. Since f depends on the relative placement of the

14 Because ¢ and S not only enter the local dynamics, but determine also the migration coupling, a varia-
tion of these two parameters leads to a shift of the curve along the ordinate, as well as to a change in the
form of the curve.
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WE and the CE and o on the relative placement of the WE and the RE, whether
stationary domains might occur or not depends on the relative positions of all three
electrodes in a nontrivial manner.

This was illustrated by Jaeger and coworkers with model calculations employing
a three-dimensional geometry, in which the ring-shaped WE and the ring-shaped CE
were concentrically placed in one plane, the CE surrounding the WE. The RE was
positioned on the axis of the rings close to the plane in which the WE and the CE lay
(Fig. 48a). Choosing two different radii of the CE and otherwise identical parame-
ters, stationary domains were found for a small radius of the CE, but not for a large
radius (Fig. 48b,c). This is a manifestation of the fact that the strength of the global
coupling depends in a complex manner on both, the total cell resistance and the un-
compensated cell resistance.

Another peculiar effect originating from the interplay of negative global coupling
and migration coupling is the possibility to remotely trigger waves in the bistable re-
gion of a (H)N-NDR system [36]. The experiment by Eiswirth and coworkers de-
picted in Fig. 49a shows data obtained during the oxidation of formic acid oxidation
on a stationary Pt ring electrode using a close RE. The local potential was measured
with the help of 11 stationary potential probes. These probes were placed, together
with a trigger electrode at position 12 over the ring electrode (Fig. 49b). The double
layer potential was pushed further into the passive range at the location marked by
the arrows (the ring position 12 = 0) by a pulse produced with the trigger electrode at
time 0. This caused a transition to the active state at the 180° position, that is, exactly
opposite the disturbance. This phenomenon, termed ‘“‘remote triggering’’, shows that
the farther away the positions are from the reference position, the more pronounced
is the antiphase behavior induced by the negative coupling; at these positions the
migration coupling, which opposes the negative coupling, is the smallest.

So far, all the discussed experiments and simulations were carried out with ring
electrodes whereby the RE was located on the axis of the ring. Only in this case is the
potential at the position of the RE equally affected by all locations of the WE, and
only then constitutes the feedback induced by the position of the RE a purely global
coupling, that is, it depends on the average double layer potential. For any asym-
metric condition, the potential at the position of the RE is a function of a weighted
average of ¢pr, g(¢pr) = [ w(x)¢pL(x)dx, positions at the WE that are closer to
the RE having a larger weight w(x). For one-variable systems and ring electrodes,
Birzu et al. [27] investigated the effect of an asymmetrically placed RE on the dy-
namic behavior in the bistable state. Depending on the angular distance between the
RE and the location of the disturbance, the system may remain in the same state,
undergo a transition to the other homogeneous state or acquire a stationary domain
state.

The only two-dimensional electrode geometry for which the influence of a close
RE on the dynamic behavior in a one-variable N-NDR system has been investi-
gated is a disk electrode embedded in an insulator. Here, a close reference elec-
trode located on the axis of the ring induces a symmetry breaking of the azimuthal
direction. The resulting pattern consists of two regions, one that has the form of a
crescent moon, the other one occupying the remaining oval-shaped part of the disk
(Fig. 50).
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Fig. 48. (a) Three-dimensional geometry used in the calculations. (b) and (c) Calculated space-time plots of
the double layer potential in a gray scale representation where all model parameters were identical but the
circumference of the CE, rcg; (b) rce = 11.7 cm.; (¢) rce = 5.0 cm. (Reproduced from A. Birzu, B. J.
Green, N. L. Jaeger, J. L. Hudson, J. Electroanal. Chem. 504 (2001) 126, © (2001), with permission from
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Fig. 49. (a) Local potential drop across the double layer as a function of position and time during a re-
motely induced transition in the bistable regime of the oxidation of formic acid on a Pt ring electrode. The
RE was positioned close to the WE. At the position marked by the arrows the potential was disturbed
locally toward positive values. The ring position gives the electrode number of (b). (b) Set-up for meas-
urements used to obtain the data of (a). The outside potential probes serve to measure the local potential;
the central one serves as the reference electrode. At position 12 is a trigger electrode. (This figure was
provided by courtesy of P. Strasser and M. Eiswirth; see also Ref. [36].)

Waves and Pulses in Two-Variable Systems

The largest variety of patterns in electrochemical systems was found in the oscillatory
region of an electrode reaction in the presence of a negative global coupling. The
ploneering experiments on pattern formation with a close RE go back to Otterstedt
et al. [183], who studied the electrodissolution of Co disk and ring electrodes at a
time where the influence of the RE on pattern formation was yet unknown. The ex-
perimental set-up (Fig. 51A) was chosen such that the surface of the WE was facing
upward. Since active and passive ranges of the electrode have a visible contrast, the
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Fig. 50. Calculated stationary potential pattern that forms
on a disk electrode embedded in an insulator when the RE
is on the axis of the disk and close to the WE. Reprinted
from A. Birzu, B. J. Green, R. D. Otterstedt, J. L. Hudson,
N. L. Jaeger, Z. Phys. Chem. 216, 459 (2002) with permis-
sion from Oldenbourg Wissenschaftsverlag.)

spatiotemporal dynamics could be followed with a video camera. On both, ring and
disk electrodes narrow, traveling domains of high activity, that is, a high rate of dis-
solution, emerged on an otherwise passive electrode. An example of such a pulse
rotating around the center of a disk electrode is depicted in Fig. 51B.

A)
a) b) Camcorder
— RE
WE
o °
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Fig. 51. (A) (a) Top view and (b) side view of the experimental set-up. (B) Rotating active region during
the oxidation of a Co disk-electrode with a close RE. (Courtesy of R. D. Otterstedt and N. 1. Jaeger; for
experimental details see Ref. [183].)
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Fig. 52. Standing wave observed during the potentiostatic oxidation of formic acid on a Pt ring electrode.
The RE was located on the axis of and close to the WE. See Fig. 51(B) for the experimental set-up.
(Courtesy of P. Strasser and M. Eiswirth, for details see [184].)

These experiments triggered theoretical investigations as well as further ex-
periments with a close reference electrode. In studies of the oscillatory oxidation of
formic acid on a Pt ring electrode, standing waves developed whenever the RE was
brought close enough to the WE (Fig. 52) [184]. When employing Bi-modified Pt
electrodes, transitions from standing waves to pulses were observed as a function of
the applied voltage (Fig. 53) [137].

Standing waves and pulses constitute the base patterns existing in the oscillatory
region of an electrochemical reaction for a strong negative global coupling. Pulses
were also found during H, oxidation on Pt ring electrodes [173], standing waves
during periodate reduction on a rectangular Au electrode in a geometry that is an
approximation to the one shown in Fig. 3b, i.e. edge effects were marginal [41]. In
the latter experiments, the lateral resolution of the double layer potential and of
possibly adsorbed species was studied by means of surface plasmon imaging (Fig. 54)
[185]. There were two peculiarities in these studies. First, the RE was located close to
one short side of the 30 x 8 mm? large electrode and about half way between the WE
and the CE, and thus in an asymmetric position. Second, an electronic device was
inserted between the WE and the CE which acted like an external negative ohmic re-
sistor. Hence, there were two sources of negative (destabilizing) feedback. Potential
profiles along the horizontal direction of the electrode as a function of time are re-
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Fig. 53. (a) Cyclic voltammogram during the formic
acid oxidation on a Bi-modified Pt ring electrode;
scan rate: SmV s~!. The change in the oscillation
form close to t = 73.7 s (i.e. U = 0.16 V) indicates a
qualitative change in the dynamics. (b) Spatio-
temporal profile of the interfacial potential in the
transition region of the oscillation form in (a). For
the experimental set-up, see Fig. 49b. (Reproduced
from J. Lee, J. Christoph, P. Strasser, M. Eiswrith
and G. Ertl, J. Chem. Phys. (2001) 115, 1485 by
permission of the American Institute of Physics.)
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Fig. 54. Experimental set-up for recording
patterns at the electrode/electrolyte interface
by means of surface plasmon imaging (top
view; g: gas inlet).
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Fig. 55. Time series and potential profiles of the double layer potential along the horizontal direction of the
30 x 8 mm? large electrode as a function of time during a slow potential scan (1 mV s~!) in three different
regions of the external potential. The RE was located in an asymmetric position between the CE and the
WE. The negative coupling was enhanced by inserting an electronic device between the WE and the po-
tentiostat that behaves like a negative ohmic resistor (see also Ref. [41]).

produced in Fig. 55. At the positive end of the oscillatory region, standing waves
existed over a large voltage interval (right image). At the negative end, about two-
thirds of the electrode oscillated in a nearly homogeneous manner, whereas the re-
maining part stayed nearly stationary (left image). Between these two regions, there
existed a small voltage interval with quite unexpected behavior: pulses were periodi-
cally sent from one end of the electrode to the other one, and in between two such
events, an oscillation occurred only on the side of the electrode that sent out the
pulses (middle image).

During the oscillatory oxidation of H, on Pt ring electrodes in the presence of
Cl~ and Cu?* ions, pattern formation was studied as a function of the distance be-
tween the symmetrically placed RE and the WE [173]. While propagating pulses
were the only stable patterns when the RE was put closest to the plane of the work-
ing electrode, for intermediate distances, and thus also intermediate strengths of
the global coupling a diversity of spatiotemporal motions was observed as a func-
tion of the applied voltage (Fig. 56). In Fig. 56b and c examples of so-called one-
dimensional asymmetric and symmetric target patterns are shown. In the case of a
symmetric target pattern, at a certain position, a “wave source” emits two pulses in
opposite directions that propagate around the ring and annihilate each other when
they collide. For the asymmetric target pattern, only one pulse is emitted, which,
however, does not continuously travel around the ring — as for “normal” pulses —
but is extinguished as soon as it comes close to the wave source. In Fig. 56d target
patterns and asymmetric target patterns transform continuously into each other. In
the most complex case, seen in Fig. 56a, four types of behavior take turns: slightly
imperfect target patterns are followed firstly by asymmetric target patterns, then by
pulses, and lastly by the expansion of the less-reactive portion of the pulse over the
entire electrode before the scenario starts again.
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Fig. 56. Position-time plots of the local double layer potential and corresponding time series of the global
current during the oxidation of H, on a Pt ring electrode for 6 different values of the external potential
[173]. The RE was on the axis of the ring in an intermediate distance between the WE and the RE. (Elec-
trolyte: 0.5 mM H,SO4, 0.1 mM HCI, and 0.025 mM CuSO, saturated with H.)

Most of the patterns discussed so far seem to be much akin to each other, and are
connected to bifurcations of the homogeneous stationary state. Hence, before re-
viewing a different type of spatiotemporal motion induced by the negative global
coupling, the theoretical background to the presented experiments will be given, as
far as it is known. Again, we shall consider first the simplified two-dimensional
geometry for ring electrodes. Combining all terms that contribute to the dynamics of
a homogeneous situation in the functions g;(¢p,c) and ¢2(¢p,c), the temporal
evolution equations for the double layer potential, ¢, and the slow, chemical vari-
able, ¢, read:

; 0
qjalz)L = 91(p1, )~ - IL—y (FoL> = fou) - a<6_f B §> =WE o
oc = 92($pr,©)- Y

ot
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Again, a lateral transport process of ¢ is neglected because the corresponding term in
Eq. (54b) would be by far smaller than the migration term in Eq. (54a) and thus is
insignificant for spatiotemporal solutions [14].

We are interested under which conditions the homogeneous steady state under-
goes an oscillatory (Hopf) bifurcation. In general, a Hopf bifurcation occurs when
the trace of the Jacobian matrix of the linearized evolution equations, J, transverses
zero as a parameter is varied, and the determinant of the Jacobian matrix is positive,
ie. if

TrJ =0, and DetJ > 0. (55)
In other words, at a Hopf bifurcation the eigenvalues 4,, , of the Jacobian matrix are

complex and the real part of the eigenvalues passes through zero. Denoting the
Jacobian matrix of the homogenous system by

991(¢pL:¢)/0¢pL  091($pr,c)/0c

_ (I e
Jhom(jZI j22> (592(¢DL7€)/5¢DL 592(¢DL7C)/60)’ 56)

small homogeneous perturbations d¢py (n=0) — ¢ = dap(t), dc(n=0) — ™ =

0by (1), of the homogeneous steady state, (43, ), evolve according to

P
< a‘)). (57)
(#DL> ™) dbo

For small perturbations with the wave number n, d¢p; (n) — ¢ = da,(t) cos(nx),
dc(n) — ¢ = db,(t) cos(nx), the linearized evolution equations read (cf. Eq. (21))

d5(10

e | (]11 jlz)
doby J2 J»

dt
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! J21 J2 ) e Y
dt

A plot of the real part of the eigenvalues, Re(4,), exhibits necessarily the same form
as the growth rate 4, in the one-variable system (cf. Fig. 47), that is, for n > 0 a plot
of Re(/,) versus n decays monotonically, and Re(A(n =0)) < Re(A(n — +0)).
Hence, if the destabilizing effect of the global coupling is larger than the damping of
the migration coupling, i.e. if

a _
E 1——}/ > a(coth(ﬁ) - w 1), (59)

an oscillatory instability will develop first for » = 1. Only when the homogenous
steady state is already unstable with respect to perturbations of wave number one
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will it become unstable with respect to homogeneous perturbations. Thus, it is this
nontrivial Hopf bifurcation through which the two basic patterns, standing waves
with n =1 and pulses, arise: since the eigenfunctions of our rotationally invariant
system are Fourier modes, sine and cosine modes are degenerate and become unsta-
ble simultaneously. The final attractor might be a standing wave (in which one of the
two modes participates) or a pulse (where sine and cosine mode are excited and have
a phase shift of approx. 90°). Both solutions can also coexist.

Model calculations with generic N-NDR [37] and HN-NDR [137] models re-
vealed that the standing wave solution becomes unstable at higher values of the ap-
plied potential, the system exhibiting a transition to traveling pulses (Fig. 57), as was
observed during formic acid oxidation (cf. Fig. 53). Furthermore, the standing wave
solution was found to always coexist with the pulse, whereby the pulse is the more
stable attractor, i.e. possesses the larger basin of attraction. Lee et al. attribute the
occurrence of stationary waves in their experiments to intrinsic inhomogeneities of
the catalytic electrode surface that stabilize the standing wave close to the bifurcation
point.

In an N-NDR model Christoph et al. [35, 37] found stable target patterns co-
existing with the pulse solution for values of the external voltage for which the sta-
tionary state is also unstable with respect to homogeneous perturbations. In contrast,
the asymmetric target patterns and the more complex motions observed during H,
oxidation on Pt ring electrodes (cf. Fig. 56) have not yet been reproduced in simu-
lations.

In a series of papers Jaeger, Hudson and coworkers investigated how the spatio-
temporal behavior is affected by different model parameters, such as reaction rate,
electrode capacitance, the geometry of the WE and the relative positions of all three
electrodes, WE, CE and RE in the simplified N-NDR model for electrodissolution
reactions [27-29]. Below, we discuss a few examples taken from these works. For a
geometry similar to the one discussed above, i.e. with ring-shaped working and
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Fig. 58. Calculated plot of the double layer potential as a function of position and time for a low value
of the double layer capacitance. Model geometry: ring-shaped WE and CE, symmetric RE close to the
CE (weak negative global coupling). (Reproduced form A. Birzu, B. J. Green, N. I. Jaeger, J. L. Hudson,
J. Electroanal. Chem. 504 (2001) 126, with permission of Elsevier Science.)

counter electrodes and the RE positioned on the common axis of the WE and the
CE, the pattern reproduced in Fig. 58 was obtained for values of the double layer
capacitance much lower than the one for which rotating pulses existed. The RE was
comparatively close to the CE on the axis of the two rings such that the negative
global coupling was weak. Thus, at these parameter values there is still a tendency to
form a pulse; however, at a given point the pulse vanishes and the whole electrode
approaches a passive state. Phenomenologically, this spatiotemporal motion re-
sembles the one shown in Fig. 56f, which was observed during the oxidation of H;
for a specific set of parameters.

A study of the influence of the horizontal position of the reference electrode close
to a ribbon electrode in a two-dimensional geometry is reproduced in Fig. 59 [27]. It
is remarkable that an asymmetrically placed RE gave rise to a patterned oscillation
in which one side of the electrode oscillated with a frequency twice as high as the one
at the other side of the electrode (Fig. 59a), just as was observed during 104~ reduc-
tion when the RE was placed close to one side of the WE (cf. Fig. 57). Note, how-
ever, that edge effects due to an insulator/conductor transition in the plane of the
working electrode are present in the calculations, but are minimized in the experi-
ment. Thus, the effect has to be reproduced with the geometry of the experiment be-
fore final conclusions can be drawn.

The last set of calculations by Birzu et al. to be discussed here was done with disk
electrodes [28]. Above, we discussed that, in the one-variable model, stationary
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Fig. 59. Calculated plot of the double layer potential of a ribbon WE as a function of position and time.
The model geometry was two-dimensional with the relative positions of the electrodes as indicated above
the spatiotemporal plots. (Reproduced from A. Birzu, B. J. Green, R. D. Otterstedt, N. I. Jaeger, J. L.
Hudson, Phys. Chem. Chem. Phys. 2 (2000) 2715 by permission of The Royal Society of Chemistry on
behalf of the PCCP Owner Societies.)

asymmetric patterns as shown in Fig. 50 arise when positioning the RE on the axis
of, and close to the disk. In the two-variable system, the crescent-moon-like domains
can rotate around the center of the disk. This is the two-dimensional counterpart of
the pulses that travel around ring electrodes, and in fact, when plotting the angular
position versus time for a given distance to the center of the ring, a pulse pattern is
obtained. This is reminiscent of the active regions rotating around the center of a Co
disk electrode observed by Otterstedt et al. (cf. Fig. 51). A crucial, as yet not under-
stood, difference is, however, that in the calculated pattern the interfacial region be-
tween the predominantly active and predominantly passive parts of the electrode
seems to be minimized, whereas in the experiment this is clearly not the case. In Fig.
60 we see how the counterpart of the standing waves on ring electrodes manifests
itself on disk electrodes. The spatiotemporal behavior along the azimuthal direction
at a given point on the radial coordinate is indistinguishable from solutions obtained
with ring electrodes (Fig. 60a). Along the radial direction, however, the symmetry is
also broken: an active region of varying size and shape is traveling back and forth.
The resulting motion can be seen in the snapshots reproduced in Fig. 60b.

Another type of pattern that appeared in the presence of negative global coupling
is an oscillating cluster. A cluster pattern consists of two or three spatial regions in
which the behavior is uniform with sharp boundaries between these regions. Often,
also the local oscillations are characterized by sharp transitions between two phases
of an oscillation. A typical cluster pattern observed during oscillations in the active/
passive transition region of a Fe ring electrode is reproduced in Fig. 61 [186]. For
similar conditions, a further symmetry breaking of this state that divided the elec-
trode in four parts had been reported earlier by the same group [187]. During suc-
cessive oscillations, two opposing quadrants of the ring electrode were activated at a
time. Hudson et al. [178] observed also for Fe disk electrodes the separation of the
electrode into two parts, whereby one half of the disk electrode was activated every
other oscillation.



Nonlinear Dynamics in Electrochemical Systems 183

A0t
W |

125 0,25 0.375 050 0625
Time/dimensionless units

DD DI
€ € €€ (D

Fig. 60. Spatiotemporal dynamics on a disk electrode with close and centric RE. (a) Potential drop across
the double layer as a function of angular position on the disk (for a given intermediate radius) and time.
(b) Potential on the disk working electrode at different times during one period of the oscillation. (Re-
printed from A. Birzu, B. J. Green, R. D. Otterstedt, J. L. Hudson, N. L. Jaeger, Z. Phys. Chem. 216, 459
(2002) with permission from Oldenbourg Wissenschaftsverlag.)
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At this point, also another type of spatiotemporal dynamics during the anodic
oxidation of iron should be mentioned. It apparently requires a negative global cou-
pling, but it is not clear yet whether the dynamics are related to cluster formation.
The anodic oxidation of iron exhibits a second oscillatory region on the diffusion-
limited plateau of the current-voltage curve. Compared with the oscillations in the
active/passive transition region, the amplitudes of these oscillations are much
smaller, and their frequencies range between some 10 and 1000 Hz; they are thus
several orders of magnitude higher. To obtain a spatiotemporal picture, Hudson and
coworkers used arrays of electrodes whereby they could measure the current flowing
through each electrode independently. Anti-phase oscillations measured with a ring
array of iron electrodes can be seen in Fig. 62. The partition of the electrode into two
parts is obvious. However, the two oscillating regions are not as sharply separated
from each other as for the cluster states in Fig. 61, or the ones that are discussed
next.

A large parameter range in which cluster patterns dominated the spatiotemporal
dynamics was also observed for the oscillatory oxidation of Hj in the presence of
electrosorbing cations and anions [175]. Characteristically, the cluster-type patterns
were found at lower concentrations of Cu”* ions compared with the pulse-type mo-
tions shown in Fig. 56. Examples of two-phase and three-phase clusters are depicted
in Fig. 63. In these figures the homogeneously oscillating mode has been subtracted.
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Fig. 61. Cluster pattern observed during
the electrodissolution of a Fe ring elec-
trode in the active/passive transition re-
gion under potentiostatic conditions. The
RE was located in the plane of the WE.
(a) and (b) Snapshots taken during two
successive oscillations of the total current.
(c) Spatiotemporal plot of the azimuthal
intensity. (Reproduced with permission
from B. J. Green and J. L. Hudson, Phys.
Rev. E 63 (2001) 026214, © (2001) by the
American Physical Society).

In Fig. 63a the two-phases acquire the respective other state with the period of the
global oscillation, such that only after two oscillations of the current the system is
again in an identical state. Besides theses period-2 two-phase clusters also period-1
two-phase clusters, in which the two phases exchange positions within one oscillation
were observed [175]. So far, the cluster behavior has not yet been reproduced in
electrochemical models. It was found, however, in experiments and simulations of
two other chemical systems: the light-sensitive BZ reaction where the global feedback
resulted from the illumination [188, 189], and the heterogeneously catalyzed CO
oxidation on Pt(110), with a delayed regulation of the CO pressure depending on an
average quantity [20, 190-192]. The bifurcations leading to cluster states are not yet
fully understood.
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Fig. 62. Snapshots and space-time current densities measured with ring-arrays of Fe electrodes in the os-
cillatory region on the transport-limited plateau of the current-potential curve. (Reproduced with permis-
sion from Z. Fei, J. Green and J. L. Hudson, J. Phys. Chem. B103 (1999) 2178, © (1999) American
Chemical Society.)

4.1.3 Positive Global Coupling: Galvanostatic Control
As explained in Section 2.3, the typical experimental condition in which a positive

global coupling is involved is the galvanostatic control. Also, any ohmic resistor in
the external circuit gives rise to a positive global coupling. In many, though not all,

(@)

Fig. 63. Cluster-type patterns observed during the electrooxidation of H, on Pt ring electrodes. (Electro-
lyte: 1 mM H,804, 107® mM CuSOy4, 1073 mM HCl.) (a) Period 2 two-phase clusters; and (b) three-phase
clusters. (Shown is only the spatially varying part of the data.)
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respects, a positive global coupling has an opposite effect on pattern formation
compared with the negative global coupling. Consider, for example, the calculated
transition in the bistable region shown in Fig. 35e. As in all the other transitions
shown in this figure, initially a small portion of the spatial domain was set into the
globally stable state, the remaining part of the electrode in the metastable state, with
a narrow interface connecting both regions. In contrast to all the transitions shown
under potential control, in the case of current control, no sharp interface develops.
Rather, the initially sharp potential profile broadens quickly, resulting in a nearly
homogeneous transient. As demonstrated by Mazouz et al. [32], for weak global
coupling, the interaction between the positive global coupling and the reaction part
will lead to accelerated front motion in a similar manner as the nonlocal migration
coupling does.

This front behavior can also be easily rationalized mathematically. Recall that
under galvanostatic control, the evolution equation of ¢p; can be written as

; 0
C %?L :g(¢DL)+Z(<¢DL>_¢DL)_G( ¢‘(3r2, :

— 10> , (60)
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where i is the preset current density and the other symbols have their usual mean-
ings. Thus, the structure of this equation is identical to the one with a negative global
coupling under potential control, the only qualitative difference being the sign in
front of the global coupling term. When performing a linear stability analysis, as
done for the negative global coupling, and plotting the growth rate of a perturbation
with the wave number n versus n, the curve will monotonically decrease for n > 0,
and exhibit a discontinuity at n = 0, but with the jump towards positive values (cf.
Fig. 47). Consequently, if in the one variable system a homogeneous steady state
undergoes any instability, the first mode to become unstable is always the homoge-
neous mode. Thus, in N-NDR systems stationary domains do not exist under galva-
nostatic control.

This argumentation can be easily extended to two-variable (H)N-NDR sys-
tems. Performing a linear stability analysis of a homogeneous stationary state, it
is straightforward to show that a homogeneous stationary state can never become
unstable in a nontrivial Hopf bifurcation with » = 1. Thus, whenever a Hopf bifur-
cation occurs, a homogeneous limit cycle is born. Standing waves and pulses are
therefore not to be expected under current control.

However, it would be too simple to conclude that in N-NDR systems patterns do
not exist under current control in general. In fact, among the first electrochemical
patterns that were investigated utilizing the theory of dynamical systems are potential
waves that were obtained under galvanostatic control [193, 194]. In these experi-
ments, the dissolution of 10 to 20 cm long Ni wires was investigated and the local
current distribution was recorded with 16 equally spaced reference microelectrodes.
The CE, a Ni wire as well, was arranged parallel to the WE in a distance of 6—12
mm. During galvanostatic oscillations, the current in one part of the electrode was
always shifted by 180° relative to the other part of the electrode. This behavior was
maintained down to the smallest electrodes tested, which had a length of 1 cm. An
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Fig. 64. Local current distribution of antiphase oscillations during the dissolution of Ni under galvano-
static control. (Reproduced with permission from O. Lev, M. Sheintuch, L. M. Pismen, and C. Yarnitzky,
Nature 336, 488, 1988, © (1988) Macmillan Magazines Limited.)

example of these antiphase oscillations, also referred to as standing waves, is shown
in Fig. 64.

Another example of an electrochemical wave measured under galvanostatic con-
ditions is reproduced in Fig. 65. It stems again from the oxidation of hydrogen on a
Pt ring-electrode in the presence of Cu?* and CI~ ions [64]. For the sake of clarity,
the homogeneous oscillation was subtracted from the spatiotemporal data. It is clear
from Fig. 65b that the oscillations have a strong relaxation-like character. The in-
homogeneous structure forms mainly at the two flanks of the oscillation. Similar to
the previous example, the overall dynamics can be viewed as a superposition of
a homogenous oscillation and a standing wave. For identical conductivity and cell
geometry, this type of wave motion existed under galvanostatic and under potentio-
static control.

Hence, we can so far conclude that in the oscillatory region a positive global
coupling does not prevent pattern formation at the electrodelelectrolyte interface.
Moreover, since global coupling and migration coupling have both a synchronizing
effect, it is intuitive that if migration coupling can destabilize homogeneous oscil-
lations, so can a positive global coupling. It can be also expected that in certain sit-
uations the migration coupling alone is not sufficient to destabilize a homogeneous
oscillation, but under galvanostatic conditions wave patterns exist.

The impact of a positive global coupling on arrays of individual oscillators is an
active field of research. In the electrochemical context, Hudson and coworkers
greatly contributed to this problem by systematic experimental studies [195-200].
They designed an experimental set-up in which the strength of the positive global
coupling could be systematically varied without affecting the homogeneous dynamics
of the system. It consisted of an array of electrodes connected to the potentiostat
through individual resistors and one collective resistor (Fig. 66). By varying the
ratio between the collective resistance, R.o, and the individual resistance, Rj,q, the
global coupling could be continuously varied between 0 and a maximum value. The
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Fig. 65. Spatiotemporal evolution of the potential at a Pt electrode during the galvanostatic oxidation of
H, in the presence of Cu>" and CI~ ions after subtraction of the homogeneous oscillating part [64].
(b) Temporal evolution of the total current. The first four oscillations correspond to the time interval
shown in (a).

collective resistance fraction, & = (Reon/Riot), i @ suitable measure to characterize
the strength of the global coupling. Here Ry, is the total resistance, given by
Riot = Reonn + (Rina/n), where n is the number of electrodes. If ¢ = 0, then the exter-
nal resistors furnish no global coupling; for ¢ = 1, it is maximum.

The experiments were carried out on arrays consisting of from 1 to 64 nickel
electrodes. The anodic dissolution of Ni in sulfuric acid is a HN-NDR oscillator
that exhibits also chaotic oscillations. Its dynamics has been thoroughly studied by
Sheintuch and coworkers [201-203] (see also the discussion in Ref. [9]). The syn-
chronization experiments were carried out with periodically and chaotically oscillat-
ing individual electrodes.
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Fig. 66. Experimental set-up that
allows varying the strength of the
/ global coupling without affecting the
Pt-electrode Nl—array Hg/ ngso4 homogeneous dynamics. (Courtesy of

Counter Working Reference J.L. Hudson.)

In the case of periodic oscillators, without global coupling there was a small
variation in frequency between the individual oscillators [195]. Thus, intrinsic, small
variations of the electrodes were not equalized by the migration coupling, which is
probably weakened due to the individual resistors. Kiss et al. considered harmonic
and relaxation oscillations that occur in two regions of parameter space. As global
coupling is added to the arrays of harmonic oscillators, the distribution of fre-
quencies becomes narrower until synchronization is attained; further increase brings
the phases together.

Coupling of the relaxation oscillators led to more complicated behavior (Fig. 67)
[195]. As the global coupling strength is increased from zero, there is first a tendency
for the system to synchronize (Fig. 67, top right), but this synchronized state then
breaks up with increasing coupling. Irregular behavior with transient clusters occurs
that are stabilized at stronger coupling (Fig. 67, bottom left). The individual currents
can be either irregular or periodic. At still higher coupling strengths, anti-phase
oscillations occur where the clusters are made up of equal or approximately equal
number of oscillators (Fig. 67, bottom right). Maximum coupling synchronizes the
oscillators again. The anti-phase clusters at intermediate to high coupling strength
are reminiscent of the two-phase clusters found for negative global coupling (cf. Fig.
61 and 63). Also in the mentioned studies of heterogeneous CO oxidation on Pt(110)
with global feedback the formation of clusters occurred for positive and negative
feedback [192]. This suggests that the mechanism that induces cluster formation, and
the bifurcations involved, are independent of the polarity of the global coupling.
Further studies are needed to corroborate this conjecture.

When globally coupling arrays of chaotic oscillators, strong coupling again
transforms a system of independent elements to a state of complete synchronization
[197]. The variations in behavior with a change of the coupling strength are still more
diverse than for periodic oscillators, involving a maximum in complexity of the in-
dividual currents at intermediate coupling strength as well as the formation of stable
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Fig. 67. Current as a function of space and time for an array consisting of 64 Ni electrodes exhibiting
relaxation oscillations and different strength of the global coupling. Dark corresponds to high current. Top
left: ¢ = 0; top right: ¢ = 0.28; bottom left: ¢ = 0.67; and bottom right: ¢ = 0.95. (Reproduced with per-
mission from I. Z. Kiss, W. Wang, J. L. Hudson, J. Phys. Chem. B 103 (1999) 11433-11444, © 1999,
American Chemical Society.)

clusters, whereby all the elements in one cluster follow the same chaotic trajectory,
but each cluster has its own dynamics, up to a fully synchronized periodic behavior
[196, 197].

The synchronization of large assemblies of oscillators, and of different parts of a
spatially extended medium, especially if the behavior is turbulent, is of great impor-
tance. Imposing a direct global coupling as described above is one way to achieve
synchrony. Two different and more versatile ways to impose a global coupling are
through the external variation of a global parameter or through a delayed feedback
proportional to the average of a spatially varying quantity. Such studies have just
been taken up [189, 191]. As demonstrated by Hudson’s group, electrochemical sys-
tems can serve here as suitable model systems. First results of how these two different
coupling methods can be exploited to direct the spatiotemporal behavior into a de-
sired regime can be found in [199, 200].
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4.2 S-NDR Systems: The Electrode Potential as
Negative Feedback Variable

4.2.1 Nonlocal Migration Coupling

In many respects, a synchronizing spatial coupling acting on the inhibitor variable
has an opposite effect to that acting on the activator variable. The most impressive
manifestation of this is the existence of stationary Turing structures, i.e. stationary
patterns with a characteristic wavelength that is independent of the system length [17,
204, 205]. Turing patterns were originally predicted to exist in reaction-diffusion sys-
tems of the activator-inhibitor type, if the inhibitor diffused faster than the activator.
Only recently it was concluded from theoretical studies that Turing patterns should
emerge in electrochemical S-NDR systems under potentiostatic control in wide and
experimentally well-accessible parameter ranges [33].

At first, this result was obtained for the prototype S-NDR model, whose homo-
geneous dynamics is given by Eqgs. (43-45). The cell geometry considered was a 2-d
simplified cylindrical geometry of the electrolyte with a ring WE (cf. Fig. 3d) and
with the RE far away from the WE such that any additional global coupling could
be neglected. In the dimensionless formulation the model equations for the spatially
extended system read [33]

e - o%¢
6_; =f (¢, ¢épL) 5—562 (6la)
¢ . d(o¢ .

qgli)L =g(¢,¢dpL) — E (6_? . + (U - ¢DL)>7 (61b)

where the tilde indicates again that the corresponding quantities are dimensionless
variables or parameters. The autocatalytic chemical species, ¢, is assumed to diffuse
within the reaction plane or on the electrode surface, whereby the diffusion coeffi-
cient is normalized to 1. This results in the following scaling of the dimensionless
conductivity d:

Lo
o 27ZDCO '

(62)

Here, L is the length of the electrode, ¢ the conductivity, D the diffusion coefficient of
species ¢ and Cj the specific capacity of the electrode. d is a measure of the ratio of
the characteristic rates of the diffusion of species ¢ and migration. d > 1 means that
the characteristic time of migration is shorter than that of diffusion, or, in other
words, that the transport process associated with the inhibitor is faster than the one
associated with the activator.

The original condition for the development of a Turing pattern, namely that
the inhibitor diffuses faster than the activator, can be generalized allowing also for
transport processes different from diffusion, in which case this necessary condition
becomes: A stationary pattern with a characteristic wavelength may develop if the
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transport process associated with the inhibitor is faster than the one associated with
the activator. Hence, in our case we would have a situation that fulfills a necessary
requirement for the existence of Turing-type patterns if ¢ > 1. Inserting typical
values for L, g, Cy and D into Eq. (62) namely, 1 cm, 2% 107> Q cm~!, 20 pF cm™
and 107> cm? s7!, respectively, d is of the order of 1000. Thus, it is much larger than
1, and this is true not only for the considered, but for any cell geometry.
Furthermore, when performing a linear stability of the homogeneous steady state
with respect to small perturbations of the form (dc cos(nx),d¢p; cos(nx)), the plot of
the growth rate 4, of the perturbation vs. the wave number #, the so-called dispersion
relation, characteristically possesses a maximum at some finite value » in a certain
region of U (Fig. 68). When the /U plot is single-valued, owing to the ohmic drop
within the electrolyte (cf. Fig. 26), the growth rate close to the maximum of the curve
becomes positive for values of U around the inflection point of the 7/U curve, i.e. for
conditions under which the homogeneous state corresponds to the unstable branch of
the S-shaped /¢ curve. Perturbations lying within the wavelength range n, for
which A(n) > 0 will grow, and the final state is a stationary structure with a defined

10.0 . : : :

0.0

-10.0

A (n)

-20.0

-30.0

-40.0 : ' : '
0.0 2.0 4.0

Fig. 68. Typical dispersion relations, displaying the growth rate of perturbations, A(n), vs. their wave
number, n, of an S-NDR system for three different homogeneous steady states [33]. The lowest curve de-
picts the case of a stable homogeneous state, the middle one is close to a Turing-type bifurcation in which a
stationary structure with the integer wave number closest to the maximum of the curve is born. The up-
most curve shows a situation for which the homogeneous state is unstable with respect to perturbations
lying within the wavelength range n, for which A(n) > 0.
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Fig. 69. Stationary solutions of Egs. (61a,b) for different values of the external voltage U [33]. From top to
bottom, U is increased. For the highest and lowest value of U, the homogeneous state is stable, whereas
for intermediate values the only stable solutions are stationary potential patterns with a defined wave-
length.

wavelength. Fig. 69 reproduces the final stationary states obtained in simulations for
different values of U. For the lowest and highest value chosen, the respective homo-
geneous state is stable. However, in a range in-between these two values of U the
only stable solutions are stationary structures with a defined wavelength. A change in
the system size L with a constant value of f leads to a shift of the dispersion relation
along the abscissa, such that the characteristic wavelength of the pattern remains
constant [33]. Hence, in contrast to the bifurcations involving a global coupling, the
wavelength is solely determined by the system’s parameters, such as rate constants
and conductivity, but not by the length of the electrode.

The region in the U/d~!' parameter plane in which the electrode takes on a pat-
terned state is mapped out in Fig. 70B, together with the region in which the homo-
geneous system exhibits bistability. The Turing-unstable region (indicated by hori-
zontal stripes) loops around the bistable region. Its location is similar to the location
of the Hopf bifurcation set (giving rise to an oscillatory instability of the homoge-
neous state if the kinetic of species ¢ is particularly fast (cf. Fig. 26)).

The theoretical predictions prompted an experimental search for “electro-
chemical Turing structures’ that was successful shortly after. The first experimentally
observed Turing structures are reproduced in Fig. 71. They stem from the periodate
reduction on Au in the presence of camphor whose homogeneous dynamics was in-
troduced in Section 3.2.2. The patterns could be made visible with surface plasmon
microscopy (cf. Fig. 54). When changing the composition of the electrolyte, the
wavelength of the patterns changed, in accordance with the theoretical result that
the wavelength depends on the system’s parameters, but not on the dimension of the
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20.0 Fig. 70. Existence region of patterns in the elec-
trolyte resistance versus external voltage plane
[160]. (A) Experimental diagram obtained with
‘ ‘ ‘ ‘ the Camphor,]IO; |Au system; (B) Calculated
-0.60 -0.50 -0.40 diagram using the prototype S-NDR model (See
U (V) Egs. (61a,b).)

electrode. The patterns emerged in a certain voltage interval as soon as the electro-
lyte resistance was overcritical such that the /U curve became single-valued. In the
specific resistance vs. external voltage parameter plane, the stationary patterns ex-
isted in a V-shaped region that opens toward large overvoltage and resistance, and
compares favorably with the simulations (Fig. 70A).

Although the periodate, camphor/Au system is thus far the only system in which
Turing patterns were reported, the mechanism that leads to their emergence strongly
suggest that they exist in all S-NDR systems in wide parameter ranges. This is quite
in contrast to chemical reaction-diffusion systems in which only in exceptional cases
the diffusion coefficients of the inhibitor is sufficiently larger than the one of the ac-
tivator species.

4.2.2 Positive and Negative Global Coupling

Also a global coupling strongly favors the occurrence of inhomogeneous solutions in
S-NDR systems, and this is not only the case for the negative global coupling as in
N-NDR systems but also for positive global coupling, i.e. under galvanostatic con-
trol [206]. In the presence of a global coupling, Eq. (61b) becomes (cf. Section 2.3)

a(/ij?L =g(¢.dpL) ‘*‘%ﬁ«&m) —$pL) _% (Z_g L +(U - ¢~DL)> (63)

where y = Rg/Reen = Rg * f/d depends again on external, uncompensated and cell
resistances (cf. Eq. (32)). Comparing systems with identical steady states, one of
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Fig. 71. Stationary patterns of different wavelength emerging in the camphor, periodate|Au system for
different compositions of the electrolyte [160]. The images were obtained with a surface plasmon micro-
scope.

which is subject to a global coupling, the other one not, it is straightforward to de-
duce the impact of the global coupling on the stability of the homogeneous steady
state [206]: If the homogeneous steady state is a saddle point, a positive global cou-
pling can stabilize it, but not a negative global coupling. In contrast, only a negative
global coupling may stabilize an unstable focus (Fig. 72).

Let us first investigate which states the system will take on if the homogeneous
component of a saddle point is stabilized by a positive global coupling. In the ab-
sence of the global coupling, homogeneous states lying on the sandwiched NDR-
branch of the S-shaped 7/U-curve are saddle points. Imposing a constant current
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Fig. 72. Stability diagram showing how Tr(J) and Det(J), where J is the Jacobian matrix of Eqs. (61a, 63)
linearized about a homogeneous fixed point, are changed by the presence of a global coupling [206]. The
arrow marked n indicates that the homogenous mode of an unstable focus can be stabilized by a negative
global coupling; the arrow marked p indicates that the homogeneous component of a saddle point with
Tr(J) < 0 can be stabilized by a positive global coupling.

and thus a positive global coupling, the homogeneous mode can be stabilized. How-
ever, this does not mean that we can access this state experimentally. If the size of the
electrode exceeds a critical value, the homogeneous fixed point is still unstable with
respect to spatial perturbations, and the system will take on a stationary patterned
state. For sufficiently high conductivity of the electrolyte, the most unstable mode is
the mode with the wave number n = 1, and stationary domains develop which are
similar to the ones existing in N-NDR systems with negative global coupling. The
domains consist of regions of high and low current density corresponding to the
upper and lower branches of the S with an interfacial region in between (Fig. 73a).
The double layer potential, on the other hand, is nearly uniform over the entire
electrode. Upon changing the applied current density the relative sizes of the two
phases change whereas the average potential is hardly affected (Fig. 73b).

Plenge et al. [22] derived analytical expressions for the existence range of station-
ary domains and homogeneous oscillations as a function of the most important pa-
rameters, such as system size and relative time scales of activator and inhibitor vari-
able for systems with high conductivity. They further demonstrated that, for fast
changes of the chemical species, the stationary domains might become unstable
themselves in an oscillatory instability, giving rise to breathing domains. Moreover,
these oscillating structures can undergo a period doubling cascade to spatiotemporal
chaotic motions (Fig. 73c). This is an impressive example of how complex spatio-
temporal behavior can arise in comparatively simple systems subject to global con-
straints. For lower conductivity, the global coupling can also stabilize Turing-type
structures with a defined wavelength [206]. This feature is unique to S-NDR systems,
as is the occurrence of Turing structures under potential control.
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Fig. 73. Dynamic behavior in S-NDR systems with high conductivity under galvanostatic conditions [22].
(a) Stable stationary domains for two values of the imposed current density. (b) I/¢ ;. plot showing stable
and unstable states. The thin lines denote the homogeneous solutions, the thick ones domain solutions.
Solid line: stable state; dashed line: unstable state. The arrows indicate the transitions between homoge-
neous and domain states that would be observed in a galvanodynamic experiment. (c) Chaotically breath-
ing domains that exist in small parameter regions if the characteristic time of the autocatalytic chemical
variable is much faster than that of the double layer potential.
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Finally, let us discuss which behavior emerges if the negative global coupling
stabilizes the homogencous mode of a focus. We encountered such a situation
already for N-NDR systems, in which case the dominant structures were pulses or
standing waves with wave number 1. For S-NDR systems we can expect in principle
analogous behavior if the conductivity is high; however, it will occur less often, since
S-NDR systems oscillate only if ¢ is the slow variable, which is true only in excep-
tional cases. For low conductivity and slow variations of ¢, the instability giving
rise to standing waves or pulses might interact with the Turing bifurcation [206]. This
results in an abundance of patterns. Such interactions are currently being studied in
the framework of theoretical studies of reaction-diffusion systems [207]. Its experi-
mental realization in electrochemical systems is a demanding and rewarding task.

5 Summary and Perspectives

Concepts developed in nonlinear dynamics facilitated the classification of nonlinear
phenomena in electrochemical systems and revealed the origins of the diversity of
temporal and spatial patterns in electrochemical systems. The diversity results on the
one hand from the fact that the electrode potential might act as a positive or as a
negative feedback variable. On the other hand, it is a consequence of the different
kinds of spatial coupling present in an electrochemical cell and of the unique prop-
erty that the extent of the spatial couplings is influenced by parameters that can be
easily manipulated in an experiment.

The basic spatial coupling present in any electrochemical system is migration
coupling, which is mediated through the electric field in the electrolyte. It is intrinsi-
cally nonlocal, that is, a change of state at a particular location induces noticeably
and instantly changed migration currents at the electrode in an expanded, surround-
ing area. In contrast, diffusive coupling is a nearest-neighbor coupling, and in this
sense it is local. In migration coupling, the conductivity of the electrolyte takes the
role of the diffusion coefficient in diffusive coupling. Obviously, in most cases the
diffusion coefficient can only be affected from the outside through a temperature
variation (that affects also all other rate constants), whereas the conductivity can be
changed easily in an experiment.

Furthermore, the migration coupling depends on the potential distribution in the
electrolyte, and thus on the geometry of the cell. The most important parameter in
this respect is the distance between the WE and the CE, or, more precisely the aspect
ratio of the distance between the WE and the CE and the extension of the WE in one
pattern forming direction. For an aspect ratio larger than 1, the maximum range is
attained. For increasingly smaller aspect ratios the coupling range decreases con-
tinuously. In the extreme case of an infinitely small distance, nonlocal coupling turns
into diffusive coupling. Thus, electrochemical systems possess the peculiarity that the
range of the spatial coupling can be varied as can the characteristic time of the spa-
tial coupling.
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Further effects that are superimposed on the mentioned general characteristics of
migration coupling arise for certain geometries. Two basic types of geometries have
to be distinguished. In the fist type (type I), the WE extends from one end of the cell
to the other one; in the other (type II), it is embedded into an insulator. In type 1I
geometries, a homogeneous potential distribution at the electrode can never coexist
with a homogeneous current density, which manifests itself in the evolution equation
for the electrode potential in parameters that vary in space. This excludes the exis-
tence of homogeneous solutions a priori. Also the migration coupling is qualitatively
different in this case: every location of the electrode is coupled to locations close to
the edge of the electrode as strongly as to immediately neighboring ones. This leads
to a pronounced edge effect in the dynamics. Another aspect concerns the location of
the RE. If it is placed asymmetrically with respect to the WE, then the asymmetry
might show up again in the interfacial patterns.

Two kinds of global coupling can occur aside from the migration coupling, de-
pending on the experimental conditions. If the distance between the working elec-
trode and the reference electrode is small, then the feedback through the potentiostat
results in a negative global coupling. This negative global coupling induces an anti-
phase behavior and highly favors pattern formation. In contrast, a positive global
coupling exists for galvanostatic conditions, which acts in a synchronizing manner.

All three types of coupling, migration coupling as well as negative and positive
global coupling, depend solely on the electrical properties of the system. Therefore,
they are independent of the electrode reaction. Thus, everything we summarized up
to now applies to all electrochemical systems considered in this article. The type of
pattern that develops in a given system depends on the interaction of the spatial
coupling and the dynamics of the homogeneous system. Here, the electrode reactions
come into play. With a few exceptions, under conditions for which instabilities
are observed electrode reactions can be divided into just two classes despite large
chemical variations: systems with an N-shaped I/¢p; characteristic, and systems
with an S-shaped 7/¢ ;. characteristic. Both classes are activator-inhibitor systems as
are chemical reactions that oscillate in homogeneous phase. The electrode potential
is the activator for N-NDR systems, and the inhibitor for S-NDR systems. Thus, the
three types of spatial couplings discussed above act either on the activator variable or
on the inhibitor variable.

The variety of combinations results in a broad spectrum of spatial instabilities
and patterns. These are summarized in Table 1: If the electrode potential represents
the activator, then the migration coupling leads to potential fronts, which often
propagate in an accelerated manner because the coupling is nonlocal. Furthermore,
it can destabilize homogeneous oscillations, leading to modulated waves that were
found in some instances to be irregular in time and space and resemble turbulent
states. An additional positive global coupling enhances the accelerated expansion, on
the one hand, and, on the other hand, it can result in the formation of clusters in the
oscillatory range. If a negative coupling superposes the migration coupling, the homo-
geneous stationary state might become unstable with respect to spatial perturbations,
resulting in standing domains, standing waves with wave number 1 or pulses, de-
pending on the parameters. In addition, also domain formation is observed in the
oscillatory region, which can manifest itself in different manners.
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Table 1. Summary of typical spatiotemporal behaviors in (H)N-NDR and S-NDR systems under different
experimental conditions corresponding to different types of spatial coupling. (1 is the wave number of the

resulting pattern.)

Nonlocal migration
coupling through the
electrolyte (always
present)

Negative global coupling:
potentiostatic control with
Haber—Luggin capillary

Positive global coupling:
galvanostatic control

(H)N-NDR
systems @y :
activator

accelerated waves,
inhomogeneous (BF
unstable) oscillations

stationary domains,
standing waves, anti-phase
oscillations with n = 1;
pulses, target patterns,
clusters

enhanced acceleration of
potential fronts, mainly
homogenizing effect;
cluster formation in the
oscillatory region

S-NDR systems
¢ pr: inhibitor

Turing-like
structures (n > 1)

standing waves, anti-phase
oscillations with n = 1 or

stationary domains (n = 1
orn=>1)

mixed-mode structures
with n > 1; pulses

If the electrode potential is the inhibitor, the migration currents can destabilize a
homogeneous potential distribution in a Turing-like instability. Stationary patterns
with a characteristic wavelength result. Since migration currents and positive global
coupling act similarly in S-NDR systems, positive global coupling leads to the for-
mation of stationary domains as well. The wavelength of the domains, however, is
then the same as the length of the system. Negative global coupling, on the other
hand, changes pattern formation only qualitatively if the system oscillates. In that
case, negative global coupling can result in the formation of standing waves with
wave number 1 just like for N-NDR systems. For parameter values for which
migration coupling leads to the formation of Turing-like structures, the interaction of
both instabilities can yield a complex wave pattern characterized by two wave num-
bers, n =1 and n > 1. However, oscillations do normally not occur in S-NDR sys-
tems. Therefore, the latter patterns are expected to be observable only in exceptional
cases.

It may appear that Table 1 contains an essentially complete summary of patterns
that may form in electrochemical systems. This impression is misleading, since Table
1 only roughly summarizes results observed so far or predicted with models. These
are investigations concentrating on phenomena that can be described with two es-
sential variables (two-component systems). This survey is certainly not yet com-
pleted. Furthermore, numerous examples of current or potential oscillations involve
complex time series. Only in a few cases does the complex time series result from the
spatial patterns. In most cases, the additional degree of freedom will be from a third
dependent variable, such as from a concentration that adds an additional feedback
loop into the system, as discussed in Section 3.1.3. Spatial pattern formation in three-
variable systems is an area that currently develops strongly in nonlinear dynamics. In
the electrochemical context, the problem of pattern formation in three-variable sys-
tems has not yet been approached.
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One should also have in mind that, though seldom and thus far not well studied,
there are a few electrochemical systems in which the electrode potential is not an es-
sential variable, or at least in which an activator-inhibitor subset exists, in which
both activator and inhibitor are chemical variables. The only system in which the
reaction kinetics has been understood in detail is discussed in Ref. [15]. Another sys-
tem that has been speculated for some time to belong to this class is the oxidation
of Fe in HNO3 [9]. In this system unusual pattern formation was detected recently
[208].

Concerning future directions of studies on nonlinear phenomena, there seem to
be two main streams. Firstly, their input to fundamental questions of nonlinear dy-
namics will still grow. The reasons are a combination of three incidents. Electro-
chemical systems cover a wide spectrum of both, different behaviors of the homoge-
neous dynamics as well as different types of spatial coupling. This fact is closely
linked to the commonness of instabilities in electrochemical systems. Furthermore,
they allow for accurate measurements with relatively cheap instrumentation, and,
even more importantly, for an easy control. In this respect, we have just learned how
the control can also be extended over parameters that determine the spatial coupling,
a property that is peculiar to electrochemical systems. The systematic use of this
knowledge will provide us with further, so far unknown, manifestations of nonlinear
behaviors. One example along this line are the modulated, intermittently accelerating
and decelerating activation waves observed during the anodic dissolution of Co by
Otterstedt et al. [170, 176]. Besides, electrochemical systems will continue to serve as
experimental model systems to test newly developed theories in the field of nonlinear
dynamics.

In this context, also the potential impact of studies of electrochemical wave
propagation on a better understanding of activation waves in nerve axons or coupled
neurons should be mentioned. This statement actually brings us back to the begin-
ning of studies on nonlinear electrochemical behavior, which were mainly motivated
by the similarity between the propagation of active areas in electrochemical systems
and nerve-impulse propagation [76, 79, 83, 209, 210]. Undoubtedly, in both cases we
are dealing with the excitation and propagation of electrical disturbances. Typical
propagation velocities in these two types of system are much faster than, for exam-
ple, in chemical systems in which concentration waves occur. As we described above,
a peculiarity in electrochemical systems is the nonlocality of the spatial coupl-
ing, which is linked to the electric field inside the bulk electrolyte. Concerning nerve-
impulse propagation, its principle features could be successfully described by the
Hodgkin—Huxley theory [211], which incorporates a reaction-diffusion system, and
thus local coupling. However, after what we have learned about nonlocal coupling in
electrochemical systems, it appears to be worthwhile to investigate to what extent a
corresponding Ansatz yields quantitatively better results.

Secondly, besides fundamental questions, the large challenge for the coming years
is to utilize our knowledge about instabilities to achieve a better performance of
industrial processes. In this regard, one important and promising issue concerns a
possible increase in yield under non-stationary or non-homogeneous operation con-
ditions. Consider, for instance, the oxidation of small organic molecules that are
potential fuels. Under reaction conditions favorable from an energetic point of view,
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the electrode is readily poisoned by reaction intermediates or side products, but can
be driven easily into an oscillatory regime. During spontaneous oscillations, the
electrode surface periodically enters a “de-poisoned” state of increased activity. This
might result in an overall reaction rate that exceeds the one under stationary con-
ditions. The first experimental hints that non-stationary operation conditions can
indeed be superior to stationary ones were obtained by Schell et al. [212]. These
authors conducted galvanostatic experiments with a periodically varying parameter.
They observed a considerable decrease in the average surface potential, which is
attributed to a sustained decrease in the coverage of poisoning species. This finding
indicates that the exploitation of nonlinear effects might become a standard tool in
applied electrochemistry.

Another promising idea proposed recently [184] involves the operation of a reac-
tion in a state where the spatial symmetry is broken. This can be achieved most easily
by making use of the desynchronizing effect of a negative global coupling. The latter
implies that partial poisoning of the electrode in some region enhances the catalytic
activity in a distant region. In this way, the homogeneous potential distribution be-
comes unstable and the above-mentioned sustained stationary, traveling, or oscillat-
ing patterns form. In the patterned state the complete poisoning of the electrode is
inhibited, which makes it likely that the overall catalytic activity is increased. Above,
we discussed that a negative global coupling is introduced into a system if the RE is
positioned close to the WE. However, industrial processes are generally carried out
in a two-electrode arrangement. Here a negative global coupling can be realized by
introducing in series to the cell an electronic device which acts like a negative re-
sistor, as discussed above in connection with Li et al.’s experiments [41]. Besides
achieving an increase in yield, there is also the prospect to utilize unstable kinetics in
sensors. The switching between bistable states or the onset of oscillations seems to be
a suitable process to indicate if a threshold concentration is exceeded.

Another intriguing idea is to make use of spatial instabilities to produce regularly
structured surfaces. Out of the spatial instabilities described above, a favorable
candidate seems to be the Turing instability present in all S-NDR systems. However,
with respect to this mechanism, it is too early to predict any applications. More
experimental examples and fundamental studies are needed, especially concerning
the parameters that control the wavelength. Spatial structures obtained so far had
wavelengths in the mm to cm region, which is certainly not in the focus of interest
when one is thinking of regularly spaced clusters or arrays on an electrode. But
nanometer-scale pattern formation has been observed in electrochemical systems.
During electropolishing of aluminum, a variety of surface structures, including
amazingly regular stripes or hexagons with amplitudes of 10 nm and wavelengths of
50-150 nm were found to develop [23, 24]. The formation of the patterns is attrib-
uted to preferential adsorption of organic molecules on the convex portion of the
electrode that is associated with an enhanced electric field. The structure formation
was successfully described by nonlinear partial differential equations, although they
were not of the pure reaction-migration type, like those discussed in this article.
These observations point to the potential self-assembly processes can have in the
fabrication of nanostructures.
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In conclusion, the interdisciplinary aspect of any study of self-organization phe-

nomena, and potential technological applications of nonlinear electrochemical be-
haviors, together ensure that the study of self-organization phenomena in electro-
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mistry will remain a vital field of research.
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Summary

Owing to its extraordinary chemical stability, diamond is a prospective electrode material for use in theo-
retical and applied electrochemistry. In this work studies performed during the last decade on boron-doped
diamond electrochemistry are reviewed. Depending on the doping level, diamond exhibits properties either
of a superwide-gap semiconductor or a semimetal. In the first case, electrochemical, photoelectrochemical
and impedance-spectroscopy studies make the determination of properties of the semiconductor diamond
possible. Among them are: the resistivity, the acceptor concentration, the minority carrier diffusion length,
the flat-band potential, electron phototransition energies, etc. In the second case, the “metal-like” diamond
appears to be a corrosion-stable electrode that is efficient in the electrosyntheses (e.g., in the electro-
reduction of hard to reduce compounds) and electroanalysis. Kinetic characteristics of many outer-sphere
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and inner-sphere redox reactions, along with the impedance characteristics of diamond electrodes, are
collected. Comparative studies of single crystal and polycrystalline diamond electrodes, as well as amor-
phous diamond-like carbon electrodes, revealed the role of crystal structure in the electrochemical behavior
of diamond. In particular, the intercrystallite boundaries were shown to contribute but insignificantly to
the polycrystalline diamond electrode properties. Possible applications of diamond electrodes are dis-
cussed.

1 Introduction

Diamond is a material possessing unique properties. It has extraordinarily high
atomic density, hardness, insulating ability, thermal conductivity, and chemical in-
ertness (see Table 1). The history of its intensive electrophysical, physico-chemical,
and optical studies covers many decades [1, 2]. Its applications in materials science
[3], microelectronics [4], and so on, are ever widening.

Owing to its extraordinary chemical stability, semiconductor diamond un-
doubtedly offers serious competition to other electrode materials. However, unlike
other carbonaceous materials (e.g. graphite, glassy carbon, etc.), which gained a wide
application in electrochemistry, diamond became an object of electrochemical inves-
tigation only as late as the decade of the 1990s. Until then, there was a serious
handicap to such an investigation. First, diamond was an extremely rare, hard-to-
access material. Second, diamond as such is a dielectric; hence, it cannot be used as
electrode.

The situation reversed owing to progress in the technology of deposition of dia-
mond thin films from gas phase at a subatmospheric pressure. Highly efficient tech-

Table 1. The principal physical properties of diamond [1].

Properties Cubic natural | HTHP- diamond | Epitaxial diamond
diamond films

Lattice parameter at 300K nm~! 0.356683 - 0.35664
0.35672

Thermal coefficient of expansion at 300K | 0.8-10°¢ - -

Refractive index at A = 590 nm 2.417 2.419 2.38
Permittivity ¢ 5.7 - -
Bandgap E, at 300K/eV 5.48 - -
Electron drift mobility g,/cm? V=1 57! 2500 - -
Hole drift mobility z,/cm? V=1 57! 2100 - -
Density/g cm ™3 3.51 - -

Heat capacity at 300K/J mol~! K~! 6.12 - -
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niques were developed that made it possible to deposit polycrystalline diamond films
on diamond and non-diamond substrates. In large-scale production, these films are
expected to be not expensive. By doping the films with boron, a well-conducting
material would be obtained, which is semiconductor in its nature [5]; moreover,
heavily doped diamond is a quasi-metal. With the first studies of diamond electrodes,
a new field emerged in the electrochemistry of semiconductor materials [6], namely,
the electrochemistry of diamond. Formally, the first paper in the electrochemistry of
diamond was that of Iwaki et al. [7]. These authors attempted the fabrication of an
electrode, starting with a dielectric diamond crystal. To impart conductance if only
to a thin outer layer of the crystal and thus to be able to pass electric current, they
implanted the crystal with Art, N*, O, and Zn* ions. Yet argon is not a dopant in
diamond, since it does not affect the diamond conductance; neither do the admix-
tures of nitrogen or oxygen at room temperature. The ion implantation resulted in an
amorphization of the crystal outer layer [8, 9]. Indeed, the authors of [7] suggested:
“The phenomenon may be also explained by the increasing thickness of the amor-
phous layer.” The deterioration of crystal lattice and emergence of a great amount of
carbon atoms with the sp?-hybridization of C—C orbitals would result in a significant
increase in the conductance [10]. The effect of Zn has been not revealed at the mo-
ment (“The conductivity enhancement for Zn* implantation may be caused not only
by an amorphous phase but also by the implanted metallic elements themselves” [7]).

Thus, in the strict sense the paper [7] falls in the electrochemistry of non-diamond
(amorphous) carbon, rather than in the diamond electrochemistry.

Actually, the electrochemistry of diamond dates back to the paper [11]. A
current-voltage curve of crystalline diamond electrode was first taken there, as well
as the differential capacitance measured at the diamond/electrolyte solution inter-
face. The diamond electrodes turned out to be photosensitive, and their photo-
electrochemical behavior was compared with their semiconductor nature.

After a few years scientists from Japan, Israel, France, USA, and other countries
followed these studies. Whereas in the first papers the diamond electrodes, although
of very good crystallinity, were not intentionally doped (their conductance was at-
tributed to some unidentified impurities or point defects imparted by special thermal
treatment), turning to boron-doped diamond samples [12] gave impetus to further
progress in diamond electrochemistry. The number of laboratories involved in the
studies of diamond electrodes is ever increasing in the last few years.

Below we give an overview of electrochemical behavior of synthetic diamond
films and discuss some applications of electrochemical methods to their character-
ization. We attempt to predict prospects for this new area of electrochemistry. When
touching fundamentals of the electrochemistry of semiconductors, we refer to the
monograph [6] for details.

2 Fabrication of the Diamond Thin-Film Electrodes

Starting with the paper [11] and until recent years, the studies in diamond electro-
chemistry were concerned entirely with diamond films grown by the chemical vapor
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deposition (CVD) techniques. An important stage in developing the CVD processes
is associated with the studies performed by Derjaguin et al. [13] in the 1970s and
1980s. The method, in essence, is [3, 14]: the deposition would be performed from an
activated gas phase, comprising a volatile carbon-containing compound and hydro-
gen, under subatmospheric pressure. In the temperature and pressure ranges under
discussion, diamond is metastable; it is another carbon allotrope — graphite — that is
stable there. The objective to be pursued by the activation of gas phase is two-fold:
(1) to generate a sufficiently high concentration of active carbon-containing species
that, when striking a heated substrate, decompose, thus producing carbon atoms; the
latter form the diamond crystal lattice; and (2) to generate an agent that efficiently
suppresses the deposition of non-diamond carbon, that is, graphite and amorphous
carbon. (Notice that it is the simultaneous formation and growth of the non-
diamond carbon, which blocks the substrate surface, rather than the metastability of
diamond per se at the low pressure, that inhibits the deposition of diamond.) This
agent is atomic hydrogen, which acts to “burn down” graphite, whereas diamond
remains unharmed.

The principal methods of gas activation are thermal and electrical; much less
common are chemical and photochemical activation. In the most commonly used
thermal activation technique — the hot filament technique — a W or Ta wire is
arranged in the immediate vicinity of the substrate to be coated by diamond (Fig. 1).
The wire is heated until it reaches the temperature when H, molecules dissociate
readily. The gas phase is a mixture of a carbon-containing gas (e.g. methane, acetone
or methanol vapor), at a concentration of a few per cent, and hydrogen. Upon the
contact of the gas with the activator surface, excited carbon-containing molecules
and radicals are produced, in addition to the hydrogen atoms. They are transferred
to the substrate surface, where deposition occurs. Table 2 gives an indication of the
hot-filament deposition process parameters.

Various types of electric discharge (arc, glow discharge) underlie the electric acti-
vation; both dc and ac regimes (high-frequency, microwave, and pulse current) are
used. Every activation method has its advantages and disadvantages. E.g., the arc
discharge makes it possible to achieve very high deposition rates: tens and hundreds
of microns per hour; in the plasma-assisted deposition, very homogeneous growth
conditions are set over large substrate surface area, etc.

The substrate materials are: metals (W, Mo, Ti), silicon (e.g. mirror-polished
wafers used in the production of semiconductor devices), glassy carbon, graphite [15],
etc., depending on manufacturer or user preferences. Diamond nanocrystals are used
as seed-crystals on the substrate surface to enhance the nucleation and make the
film growth more uniform. The silicon substrate can be then etched off, and a free-
standing diamond film is thus produced.

When a single crystal diamond (synthetic or natural) is the substrate, epitaxial
growth occurs: the growing diamond replicates the substrate crystal lattice and turns
to single crystal film. The film thickness usually comes to a few microns; however,
films of 1 mm in thickness were reported. The diamond-coated area would achieve
10 cm in diameter by order; for industrial applications, much larger areas (e.g. 40 by
60 cm) are covered. Samples destined for the electrochemical measurements used to
have dimensions ca. 1 by 1 cm.
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Fig. 1. Schematic diagram of hot-filament-
assisted CVD-diamond growth system: (1) reac-

8 tor chamber, (2) substrate, (3) substrate heater,
(4) thermocouple, (5) tungsten filament, (6)
source gas inlet, (7) gas diffuser, (8) to vacuum
pump, (9) to pressure gage.

Table 2. Growth conditions of CVD-diamond (after Ref. [3]).

Main parameters Typical conditions | Best films
Substrate temperature/°C 700-1000 950-1050
Total pressure/kPa 0.013-12 5.3-12
CHy4 content in gas phase/% 0.1-5.0 0.1-1.0
Gas flow/cm3 min~! 20-200 50-100
Filament temperature/°C 1800-2500 2000-2500
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Fig. 2. Atomic ratio, B/C, in diamond vs. atomic ratio in gas phase from different sources: (a) H. Spicka et
al., Diamond and Related Mater., 5, 383 (1996); (b) K. Ushizava et al., Ibid., 7, 1719 (1998); (c) B.-J. Lee
et al., Ibid., 8, 251 (1999); (d) M. C. Polo et al., Thin Solid Films, 253, 136 (1994); (¢) A. Argoitia, private
communication; (f) E. Gheeraert et al., Carbon, 73, 107 (1999); (g) P. Gonon et al., J. Appl. Phys., 78,
7404 (1995); (h) A. Fujishima, private communication; (i) R. Samlenski et al., Diamond and Related
Mater., 5, 947 (1996); (j) R. Locher et al., Ibid., 4, 678 (1995); (k) H. Kawarada et al., Phys. Rev. B, 47,
3633 (1993); (1) N. Fujimori et al., J. Appl. Phys., 29 (pt. 1), 824 (1990). Equal incorporation rates of B
and C occur along the dashed line (slope = 1) [16].

As mentioned, to make diamond film conducting, it is doped with boron (usually
in the course of growth). To this purpose, a volatile boron compound is added to the
reactive gas mixture, e.g., trimethyl borate at a concentration of 10 to 10,000 ppm.
Sometimes, a solid boron source is arranged near the activator; then, boron is trans-
ferred to the gas phase under the action of the activation. Data on the B/C ratio in
the gas phase and in the films, taken from numerous literature sources, are compiled
in Fig. 2 [16]. Despite the scatter in the results of different groups, some general
conclusions can be drawn. First, for the particular growth method and fixed con-
ditions, the boron concentration in diamond is proportional to that in the source gas.
The proportionality coefficient varies within wide limits (a dashed line in Fig. 2 cor-
responds to the unit B/C ratio). In particular, the incorporation of boron is greater
on {111} surfaces than on {100}. In hot-filament reactors, the boron incorporation is
greater than in microwave reactors. Finally, the B incorporation appears much less
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when oxygen is present in the source gas. Note that the dopant atoms can form
clusters and even microdomains. Not only do the boron atoms therein appear to be
electrically inactive and not to affect the film’s conductance, but the microdomains,
when exposed to the film surface, also can interfere with the electrochemical pro-
cesses studied.

The diamond films® specific resistance (p) depends on the boron content and
varies, e.g., from some 10* Q cm at a boron concentration of 10'® cm~3 to a value of
tenths and even thousandths of Q cm for boron concentration as high as 10! cm™3.
Correspondingly, diamond changes its nature, starting as a dielectric, then sequen-
tially converting to a semiconductor, degenerate semiconductor, and finally a quasi-
metal.

The boron ionization energy is 0.37 eV; it decreases with increasing B concen-
tration [17] due to the atomic interaction and formation of a narrow band in the
diamond bandgap. Because the cited value is much higher than the thermal energy
kT (=0.025 eV at 25 °C), the boron atoms are weakly ionized at room tempera-
ture; thus, the majority carrier (hole) concentration is 2 to 3 orders of magnitude
lower than the dopant (boron) concentration. We note that, in addition to the inten-
tionally added acceptor-dopant (boron), the CVD-diamond films contain an inevita-
ble impurity of nitrogen; and nitrogen is a donor in the diamond crystal. The nitro-
gen ionization energy is as high as 1.7 eV; thus, nitrogen exerts no effect on the
diamond conductivity at room temperature, as was mentioned. However, because of
mutual compensation of the boron (acceptor) and nitrogen (donor) impurities, the
free hole concentration in the compensated diamond is determined by the un-
compensated acceptor concentration Nao—Np, rather than the boron concentration.

Of particular interest are diamond films of highly dispersed surface; their study
began recently. Two types of fabrication process were used in the preparation of such
films [18]: (1) the oxygen plasma etching of CVD polycrystalline diamond films,
using an anodic alumina mask (obtained by anodizing a perforated Al sheet) or a
SiO, mask; and (2) synthesis of diamond cylindrical structures on top of “ordinary”
diamond films using highly ordered porous alumina as a template (which is sub-
sequently etched off ). These techniques allow for producing nanohoneycomb dia-
mond membranes for optoelectronic or electrochemical applications.

We conclude this section by noting that chemical (as well as physical) vapor de-
position techniques are widely used for the growth of amorphous carbon (a-C) films
[10]. In this material, no long-range order in the arrangement of C—C bonds occurs,
hence, no actual crystal structure exists; however, short-range order exists. Depend-
ing on the deposition method, the amorphous carbon films are hydrogenated (a-C:H,
approx. 30 at. % of H) or hydrogen-free. By convention the great variety of a-C:H
types can be grouped to graphite-like and diamond-like carbon films. In the former,
the sp?-hybridization of carbon orbitals prevails, whereas in the latter, the sp?-
hybridization prevails. In line with this microstructure, the graphite-like carbon has a
relatively narrow bandgap (<1 eV) and reasonable conductance. The bandgap of
diamond-like carbon (DLC) is as wide as 2 to 4 eV; correspondingly, this material is
much less conductive. In some properties, the DLC approaches the crystalline dia-
mond (hence, its name) whereas in many others, it still is inferior to diamond. An
electrochemical method of amorphous carbon growth was reported recently [19].
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In addition to thin-film electrodes, compact diamond single crystals grown at
high temperature and high pressure have become the object of electrochemical study
in recent years. These so-called HTHP crystals can be obtained by crystallization
from a carbon solution in a metal melt (e.g., based on the Ni-Fe—Mn system) at p,7-
ranges that correspond to the conditions of thermodynamic stability of diamond.
These crystals can be also doped with boron in the course of growth.

3 Crystal Structure and Principal Electrophysical
Characteristics of CVD Diamond films

3.1 Cirystal Structure

Polycrystalline films consist of diamond crystallites whose dimensions are ever in-
creasing during film growth, in proportion to the film thickness, until they achieve a
few microns in size. On such film surfaces, the crystallites’ microfaces form a char-
acteristic faceted morphology (Fig. 3). Of the three low-index faces — (100), (110),
and (111) — the last is the most abundant. Looking at Fig. 3, one is inclined to think
that the diamond surface has a great deal of inhomogeneity. In addition to the fac-
eted morphology, other types of surface morphology also occur.

Fig. 3. A SEM image of polycrystalline diamond film surface with faceted morphology.
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Fig. 4. A Raman spectrum for a polycrystalline diamond film.

To evaluate the crystallinity of the films, Raman spectroscopy is used. A typical
Raman spectrum is presented in Fig. 4. Of the crystalline diamond, a narrow peak at
a frequency of 1332 cm™! is characteristic, which is caused by the first-order phonon
scattering by the crystal lattice. The non-diamond carbon is represented in the spec-
trum by two diffuse bands at ca. 1350 and 1550 cm~'. When comparing the peaks’
height, one should keep in mind that the Raman signal is 50 times more sensitive to
the non-diamond carbon than to the crystalline diamond [20]. In the high-quality
diamond films used as electrodes, the non-diamond carbon component rarely exceeds
1%. Raman spectroscopy data have been corroborated by the independent imped-
ance spectroscopy measurements (see below). According to [21], the inner layer of a
diamond film is enriched with the admixture of non-diamond carbon as compared to
its outer layer.

It turned out that the admixture of sp?-carbon exerts a decisive effect on the
“electrode quality”’ of diamond films. And yet, modern physical and optical experi-
mental techniques, like Raman and Auger spectroscopy, AFM, etc., failed in the
elucidation of subtle effects exerted by the admixture of non-diamond carbon on the
behavior of polycrystalline diamond films; it is the electrochemical measurements
that give plausible information [22] (see Section 6.3).

The non-diamond carbon phase in polycrystalline diamond films (often referred
to as graphite, although this conclusion is far from accurate [23]) is first and foremost
the disordered carbon in the intercrystallite boundaries. Their exposure to the film
surface can be visualized by using a high-resolution SEM techniques [24]; the inter-
crystallite boundaries’ thickness comes to a few nanometers. In addition to the in-
tercrystallite boundaries, various defects in the diamond crystal lattice contribute to
the non-diamond carbon phase, not to mention a thin (a few nanometers in thick-
ness) amorphous carbon layer on top of diamond. This layer would form during the
latest, poorly controlled stage of the diamond deposition process, when the gas phase
activation has ceased. The non-diamond layer affects the diamond surface conduc-
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tance markedly, increasing the surface conductance of diclectric films, whereas that
of the doped (conducting) films often decreases. To remove the amorphous carbon
surface layer, diamond samples would be heated in air at 520 °C for some 20 min or
exposed to boiled concentrated HCI1O4, CrO; + H,SO,4 mixture, or other strong oxi-
dants [8]; the non-diamond carbon is then oxidized to CO,.

3.2 Film Conductance

Diamond film resistivities are determined by both free charge carrier concentration
and mobility. Polycrystalline films have a moderate hole mobility (as low as 1 cm?
V-1 571 [25-27]) that is much lower than that given in Table 1 for single crystal
diamond. However, in high-quality films the mobility comes to dozens and hundreds
of cm? V-1 s7! [28, 29]. We notice that, due to lattice perturbation, doping with
boron can adversely affect hole mobility. In single crystal films, the mobility is 1 to 2
orders higher than in the polycrystalline films grown under comparable conditions
[24]. On the contrary, in amorphous DLC films the mobility is several orders lower
than in crystalline diamond [25].

To elucidate the conductance nature of a nonhomogeneous medium, polycry-
stalline diamond film being an example, an impedance spectroscopy method was
used [30]. A dot of silver-based paste was put on the film surface, thus making an
ohmic contact to diamond; the W-substrate served the second ohmic contact. (A thin
tungsten carbide interlayer, formed on the tungsten substrate surface at an initial
stage of the CVD process, in all probability affords both a good adhesion of dia-
mond film to the substrate and the nonrectifying nature of the W/diamond junction.)
The real and imaginary components of impedance of the solid-state structure were
measured over a wide frequency range. The complex-plane plot of the impedance
spectrum is a nearly perfect semicircle (Fig. 5). Such a plot can be explained with use
of the equivalent circuit shown in the figure. The physical nature of its elements was
elucidated by using a simple model of the nonhomogeneous medium, presented on
Fig. 6 (bottom). The film is composed of reasonably conducting crystallites, sepa-
rated by poorly conducting intercrystallite boundaries. The boundaries form a con-
tinuous matrix; the crystallites, uniform in size, form a regular structure; the total
volume of the boundary-phase matrix is a small portion of the film volume. The
model undoubtedly is an oversimplification because in a real film the crystallites are
distributed in size; moreover, some columnar crystallites penetrate throughout the
film. Nevertheless, the model can be applied to moderately doped diamond films
whose crystallites are much better conducting than the intercrystallite boundaries
consisting of amorphous carbon, which have a capacitive nature. By using the effec-
tive-medium theory developed [31, 32] for the quantitative description of the model,
the resistance R; was related to the resistivity of the diamond crystallite bulk,
whereas the resistance Ry and capacitance Cy, to the properties of the amorphous-
carbon intercrystallite boundaries. The summary, thickness of the intercrystallite
boundaries can be estimated from the Cj value; hence, the volume portion of the
boundary phase (the amorphous carbon) was estimated to be a few per cent [30], in
reasonable agreement with Raman spectroscopy data. In the frequency dependence
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Fig. 5. Complex-plane plot of impedance spectrum for a polycrystalline diamond film between two ohmic
contacts. Frequency/kHz shown on the figure. Solid circles: data obtained with ac bridge. Open circles:
data obtained with phase-sensitive analyzer. Top: equivalent circuit [30].

of the film active resistance (Fig. 6, top), the high-frequency limit is equal to Rj,
whereas the low-frequency limit, to the sum R; + Ry. From these quantities, the
conductivities of the crystallite bulk and intercrystallite boundaries were estimated as
107* and 1077 Q7! em™!, respectively [30].

Similar conclusions on the character of conductance in the polycrystalline dia-
mond films were derived in [33]. The resistive intercrystallite boundaries can involve
nonlinear resistance in polycrystalline diamond films moderately doped with boron
[34]. Later, more sophisticated analysis [35-37] of the frequency dependence of
impedance of polycrystalline diamond films resulted in a conclusion that at higher
temperatures, in addition to the aforementioned electric conductance caused by the
motion of free holes in the valence band, a second component of conductance mani-
fests itself. The second component is due to the hopping of charge carriers between
local traps possibly associated with the intercrystallite boundaries.

4 Synthetic Diamond Thin-Film Electrodes: Their
Preliminary Characterization

4.1 Background Current vs. Potential Characteristics

Of primary importance in evaluating new electrode materials to be used in electro-
lysis, electroanalysis, electrochemical sensors, etc., are their corrosion stability,
reproducibility of characteristics, value of background current, and the potential
window in which the background current remains low and thus does not interfere
with the electrode characteristics. Diamond meets all these criteria perfectly.
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Fig. 6. Top: frequency dependence of the polycrystalline film active resistivity. Bottom: model of the non-
homogeneous film between two ohmic contacts; (1) diamond crystallites; (2) intercrystallite boundaries

[30].

It goes without saying that it is required of the films destined as electrodes that
they have reasonable conductance, as low an sp>-carbon content as possible, and no
pinholes. To meet the last condition, the film must be at least few pm in thickness.

We first discuss current-potential curves in supporting electrolyte solutions [38,
39] as a base characteristic of diamond electrodes. It is these curves that are the
background against which the kinetic, impedance, photoelectrochemical, electro-
analytical properties of diamond electrodes manifest themselves.

In Fig. 7 we present typical background current curves taken in a supporting
electrolyte (0.5 M H,SO,) solution on polycrystalline diamond thin-film electrodes,
as well as on traditional — Pt and highly oriented pyrographite (HOPG) — electrodes.
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Fig. 8. Cyclic voltammogram of background current on a single-crystal diamond film in 0.1 M H,SO, [40].

The potentiodynamic curves were taken in a cyclic regime. According to Angus et al.
[38], diamond films used as electrodes can be classified as high-quality films and low-
quality films, depending on the broadness of so-called ideal polarizability range, or
potential window, corresponding to a small background current. For a high-quality
electrode, a broad potential range (approximately from —1.25 to +2.3 V vs. SHE; see
Fig. 7a) was observed. Thus the potential window exceeds 3 V in the mA cm~2
range, whereas it is at least 1.5 V in the pA cm~? range (Fig. 8), at a low (few mV s™!)
potential scan rate [40]. For low-quality electrodes (Fig. 7b), the potential window
was significantly smaller (from —0.6 to +1.7 V vs. SHE), resembling that for a
HOPG electrode (Fig. 7d); in addition, a significant hysteresis was observed, which
obviously lowers the potentialities of these films as electrodes. The physical meaning
of the “high-quality film” concept has not been unambiguously specified [38]. In
general such films were deposited at a lower content of the carbon-containing gas
(less than 1% of methane) in the source gas, whereas the low-quality films were de-
posited from a 4%-methane-containing gas mixture.

The advantage of diamond electrodes — a broad potential window and low
background current — is best demonstrated in comparison with other materials com-
monly used as electrodes, e.g. platinum, glassy carbon, graphite, etc. In addition to
Fig. 7, such a comparison is shown in Fig. 9 for diamond and glassy carbon; we see
that the background current for diamond is an order lower [41].

The coin has its reverse, however. The broadening of the potential window that is
often bordered by the solvent electrochemical decomposition potentials (e.g. cathodic
hydrogen evolution and anodic oxygen evolution from water) is due to an increase
in reactions overvoltage. This may be caused by a diamond’s lower electrochemical
activity, as compared with the glassy carbon and like electrode materials. On the
whole, this conclusion is corroborated by the kinetics studies on diamond electrodes
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(see Section 6.1, below). Thus, in evaluating the actual electrode quality of diamond
for a particular application, one has to compromise on various requirements to the
electrode material, which often are mutually contradictory. Nevertheless, sometimes
diamond is still superior to traditional electrode materials: in particular, the rate of
redox reactions in the Fe(CN)s*/>~ and IrClg> /3~ systems appeared practically
equal for diamond and glassy carbon electrodes [38], whereas the background cur-
rents differ significantly (see Fig. 9).

The as-grown diamond film surfaces are hydrogen-terminated (owing to the pro-
cedure of deposition from activated hydrogen atmosphere, described in Section 2),
like the films subjected to the hydrogen plasma treatment [42]. For this reason, films
are hydrophobic. Because the dangling bonds on the surface are terminated by hy-
drogen atoms, the latter inhibit adsorption sites; thus, the surface behaves as if pas-
sivated. On the contrary, an oxidized surface is coated with oxygen-containing
groups [43] and, hence, is hydrophilic (note that the HTHP crystal surface is always
oxidized because strong oxidants would be used in etching off the solidified metal
after completion of the crystallization process; see Section 2). These two types of
diamond surfaces can be realized electrochemically, namely, by the cathodic or ano-
dic polarization in aqueous electrolyte solutions [44]. The particular properties of
oxidized diamond surfaces will be discussed at greater length in Sections 5.1 and 6.2.

4.2 Corrosion Resistance and Electrochemical Etching

Diamond demonstrates extraordinary stability against corrosion in aggressive media
and at extreme potentials. Swain [45, 46] showed that a long-term potential cycling in
an aggressive 1 M HNO3z + 0.1 M HF solution, ranging between the potentials of
cathodic hydrogen evolution and anodic oxygen evolution, has no effect on diamond
surface morphology (according to SEM studies) and the ratio of diamond and non-
diamond carbon phases on the electrode surface (as shown by Raman spectra). By
comparison, glassy carbon and pyrographite electrodes are prone to severe corrosion
under the same conditions. Similar tests were conducted in 1 M HNO; + 2 M NaCl
solution at the potential of anodic chlorine evolution [47]. Here again, neither the
diamond surface morphology, nor the surface impurity content, was subject to
change, as the XPS data show (see also Ref. 48).
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And yet, a long-term potential cycling in 15% KOH solution resulted in a
corrosion damage of diamond surface. Generally, the extent to which diamond is
affected depends on its growth conditions; however, the nature of this dependence
has not been elucidated. The non-diamond carbon of the intercrystallite boundaries
appeared less stable against damage [49]; therefore, corrosion leads to formation of a
microporous diamond layer.

The long-term electrode polarization may, on occasion, result in emergence of
pinholes in diamond film. Then, the electrolyte penetrates to a substrate [S0-53]. In
all probability, the pinholes were due to some defects formed during films growth.
Occasionally, diamond film electrodes have inactive spots caused by non-uniform
doping, or by local peeling-off from the conducting substrate [54]. However, high-
quality films stand the corrosion perfectly; moreover, diamond coatings reliably
protect the substrate metal (Mo) [55, 56].

It is well known that preparation of semiconductor surfaces involves chemical or
electrochemical etching [6]. In particular, the removal of a damaged layer (formed
during mechanical processing) and surface impurities and defects requires etching.
Unfortunately, with diamond, unlike many other semiconductor materials, methods
of etching are very scarce. And yet, some electrochemical techniques were developed
for renewal of diamond surface [57]. To this purpose, diamond was first exposed
to ion bombardment that resulted in an amorphization of a thin surface layer (see
Introduction). Subsequently, the sample was arranged in an electrochemical cell as
a bipolar electrode (in a non-contact mode) and a 50 V-bias was applied between
anode and cathode of the cell, until the amorphized zone had been etched off, thus
exposing the underlying material. Other versions of the “bipolar surface treatment”
are described in Refs. 58, 59.

To conclude with the primary electrode characteristics, we describe briefly the
DLC electrodes. The data are scarce and partly contradictory, probably due to the
differences in film preparation methods. According to Howe [60], even films as thin
as 50 nm are quite stable against corrosion. However, in later works [61, 62] such
thin films turned permeable for electrolytes. The penetration of the electrolyte to a
substrate metal resulted in its corrosion and, ultimately, in film peeling. Thicker films
(0.1 to 1 pm) were less subjected to damage. The current-potential curves in sup-
porting electrolytes resemble those for crystalline diamond electrodes (see Figs. 7, 8);
the potential window is narrower, however [63]. Fluorination of a-C:H enhances
corrosion resistance of the films significantly [64].

5 Impedance Spectroscopy and the Semiconductor
Properties of Diamond Electrodes

5.1 Linear Impedance. The Equivalent Circuit

Measurements of the frequency characteristics of electrochemical systems provide
insight into the charge distribution at interfaces, as well as the kinetics of the charge
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transfer processes thereon. In linear impedance measurements, a harmonic electric
signal of frequency f would be imposed on electrochemical cell. By analyzing the
system’s response spectrum, a real component ReZ and imaginary component ImZ
of electrode impedance Z can be obtained.

Two features manifest themselves in the impedance behavior of diamond elec-
trodes, namely, the effects of semiconductor nature of diamond (with moderately
doped films) and a specific type of frequency dependence of impedance, which is
characteristic of a great majority of films.

Generally, the impedance of a thin-film electrode can be modeled by an equiva-
lent circuit shown in Fig. 10a. It consists of two RC couples, one of which relates to
the film proper, and the other to the diamond/electrolyte solution interface. (In the
general case, one more RC couple must be added to the equivalent circuits of Fig. 10,
which relates to the Helmholtz layer at the interface; however, for semiconductor
electrodes the Helmholtz capacitance is typically orders of magnitude higher than the
other capacitances and can be neglected [6]). In the equivalent circuit, Ry is the ohmic
resistance of the diamond film (for simplicity, assume the film to be homogeneous,
otherwise the circuit shown in Fig. 5 (top) should be substituted for Ry); C, is the film
geometrical capacitance that can be calculated by substituting the film thickness d
and the permittivity of diamond ¢ = 5.7 into the formula of a plane-plate capacitor;
Cy is the differential capacitance of the space charge region at the diamond/electro-
lyte solution interface; and Ry is the differential resistance associated with charge
transfer at the interface (often called the faradaic resistance).

The geometrical capacitance C, is of the order of 1071 F cm~2 for the majority
of films studied, whose thickness is 1 pum by order; the corresponding impedance
would be an order higher than the film resistance R, (with exception of very low-
doped films) and can be neglected. We then obtain a simpler three-element circuit
(Fig. 10b) often called the Randles’ circuit [65]. An essential assumption is that all
elements of the circuits in Figs. 10a and b are frequency-independent.

Occasionally, the impedance spectra of diamond electrodes are well described by
the Randles’ equivalent circuit with a frequency-independent capacitance (in the 1 to
10° Hz range) [66]. Shown in Fig. 11 is the potential dependence of the reciprocal of
capacitance squared, a well-known Mott—Schottky plot. Physically, the plot reflects
the potential dependence of the space charge region thickness in a semiconductor [6].
The intercept on the potential axis is the flat-band potential Ery,; whereas the slope of
the line gives the uncompensated acceptor concentration N4 — Np; in what follows,
we shall for brevity denote it as N 4:

Na = =2 (d(C)/dE]” 1)
egpe

where ¢ and ¢ are the permittivity of diamond and of free space, respectively, and e
is the electron charge. In deriving the formula, it was assumed that (a) during the
electrode polarization, the entire interfacial potential drop is located in the space
charge region (and not e.g. in the Helmholtz layer); (b) no deep acceptor ionization
occurs; (c) the capacitance C is the space charge region capacitance proper and does
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Fig. 10. Equivalent circuits of electrode: (a) general circuit of a thin-film electrode; (b) the Randles’ circuit;
and (c) circuit with a constant phase element.

not include e.g. the surface-states’ capacitance, adsorption capacitance, etc. For the
film under discussion (Fig. 11), N4 = 3.1 10'® cm~ [66].

In the above analysis, we used the concept of space charge layer, to be more
precise, a depletion layer that would form in a doped, wide-gap semiconductor con-
tacting another phase (a metal, an electrolyte solution, or vacuum). The polycrystal-
line diamond/metal junctions (where metal is Au, Pt, Pd, etc.) often show rectify-
ing properties [67, 68]; and their capacitance characteristics resemble those of a
diamond/electrolyte solution junction.
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Fig. 11. Mott-Schottky plot for a polycrystalline diamond electrode with frequency-independent capaci-
tance in 0.5 M H,SOy. Solid line shows a linear fitting [66]. Reproduced by permission of The Electro-
chemical Society, Inc.

The above-described situation is but an exception rather than the rule. Generally,
the diamond electrode capacitance is frequency-dependent. In Fig. 12 we show a
typical complex-plane plot of impedance for a single-crystal diamond electrode [69].
At lower frequencies, the plot turns curved (Fig. 12a), due to a finite faradaic resis-
tance Ry in the electrode’s equivalent circuit (Fig. 10). And at an anodic or cathodic
polarization, where Ry falls down, the curvature is still enhanced. At higher fre-
quencies (1 to 100 kHz), the plot is a non-vertical line not crossing the origin (Fig.
12b). Complex-plane plots of this shape were often obtained with diamond electrodes
[70-73].

The characteristic frequency dependence shown in Fig. 12b implies the presence
of a so-called constant phase element (CPE) in the electrode’s equivalent circuit. The
CPE impedance equals to [65]

ZCPE = O'l(iw)_a, (2)

where i = (—1)1/ 2 w= 2nf is the ac angular frequency, the power a determines the
character of frequency dependence, and the quantity o is expressed in F? Q* ! cm2
units. To analyze the impedance spectra, the equivalent circuit presented in Fig. 10c
was used; it is derived from the Fig. 10b circuit by substituting a CPE for the
frequency-independent capacitance Cy. The equivalent circuit elements would be
calculated by minimization of the root-mean-square deviation of the measured im-
pedance modulus from that calculated for the equivalent circuit, e.g. by using soft-
ware described in [74].
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Fig. 12. (a) Complex-plane plot of impedance spectrum for a single-crystal diamond thin-film electrode,
taken in 0.5 M H,SO, at open-circuit potential; (b) its high-frequency portion. Frequency/kHz shown on
the figure [69].

Typical values of ¢ and a, as well as the faradaic resistance Ry, series resistance
R, (and the film resistivity p calculated thereby, assuming that the electrolyte resis-
tance can be neglected) are presented in Table 3 for polycrystalline and single-crystal
diamond electrodes and a DLC electrode [69-77]. By comparing the impedance
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Table 3. Comparative impedance characteristics of diamond electrodes (determined from
impedance spectra taken at open-circuit potential in 0.5 M H,SOy solution) [69, 75-77].

Substrate; film thickness / pm | a R,/Qcm? | o* p/Qcem | Rp/Qcm?

Polycrystalline films

W/24 092 | 1.5 1.5 | 0.7-10% | 3-10°

Si/3 095 | 0.6 1-2 | 0.2-10% | 3-10%

Single-crystal film

Synthetic single crystal/~10 0.96 | 32 2.7 0.1° 107

HTHP single crystals

- 0.92 | 2.8 2.5 | 30 106

- 0.93 | 56 0.5 | 560 5-10°

Amorphous, diamond-like carbon film

Glassy carbon / 0.07 09 | - 0.05| 0.8-10% | 106

*g expressed in the xF? Q! cm~2 units.
®Resistivity measured by four-point probe technique.

parameters for single-crystal and polycrystalline diamond thin-film electrodes, we
conclude that these are practically indistinguishable both qualitatively (having the
same equivalent circuit that contains a CPE) and quantitatively (by the typical values
of parameters a, o, and Rp). Indeed, they all have a equal to 09 to 1, o ~ 1 u F?
QO* ' ecm2, and Rr ~ 10* to 105 Q cm?, as measured at a steady-state potential in
the supporting electrolyte. (Still higher Ry values ~108 Q cm? were reported in Refs.
[52, 53].) Should one assume that the measured integral impedance parameters char-
acterize the electrical double layer structure at diamond electrodes, one has to con-
clude that this structure is almost identical for polycrystalline and single-crystal
samples. (The small distinctions observed do not go beyond the limits of a scatter,
which is probably caused by the difference in the level of boron doping or different
surface conditions.) Moreover, the double-layer structure on electrodes of crystalline
diamond and wide-bandgap diamond-like carbon is similar, on the whole.

The rather high values of the faradaic resistance Rp are due to the above-
mentioned low background currents and negligible corrosion rate of diamond in
aqueous solutions. Relatively high ¢ values, as compared with other semiconductor
electrodes [6], reflect the higher doping level of diamond films: the acceptor concen-
tration N4 would be no less than 10!8 cm—3.

It goes without saying that the frequency dependence of capacitance, which fol-
lows from the complex-plane plots of the type shown in Fig. 12, manifests itself in a
frequency-dependent slope of Mott—Schottky plots (Fig. 13) [78]. The complications
in calculating N4 thus involved will be discussed at length in Section 5.3 below.

Here it is worth noting that the flat-band potential (Ey},) values reported by dif-
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Fig. 13. Mott-Schottky plot for a single-
crystal thin-film electrode in 0.5 M H,SOj.
Experimental curves, frequency/Hz: (1)
21,544, (2) 10,000, (4) 4642, (5) 2154, (6)
0.0 Y . x 1000, (7) 215; (3) calculated curve for Ceye

) ! ! (discussed in section 5.3, below). Potential vs.
E/V Ag/AgCl electrode [78].

ferent authors fall within the range of 0.5 V vs. SCE [66] to 1.2 V vs. SCE [69]. The
scatter of data might be explained, at least in part, by a different state of oxidation of
diamond surface, resulting from the electrodes’ pretreatment. It has been known [6]
that anodic oxidation of a variety of semiconductor materials results in a positive
shift of their flat-band potential; cathodic reduction, in a negative shift. This shift is
to a large extent due to changes in the dipole potential drop across the monolayer of
adsorbed oxygen on the electrodes’ surfaces.

We now continue to refine the equivalent circuit for diamond electrodes. One
might expect this circuit to be synthesized from the two circuits shown in Figs. 10b
and c. In particular, as suggested e.g. in [79] for InP semiconductor electrode, it could
contain both the frequency-independent capacitance Cy. of the space charge region
and the CPE that specifies the frequency dependence of the electrode response to a
perturbing signal (whatever might be the cause of this dependence, see Section 5.3).
To separate Cy. and CPE, one has to extrapolate the measured summary capacitance
C to an infinite frequency. Indeed, at /' = oo the capacitive component of CPE van-
ishes [see Eq. (2)], thus the extrapolation leaves behind the capacitance Cy.. The ex-
trapolation is shown in Fig. 14 [80]; to linearize the plot for a = 0.7, the coordinates
C vs. £ were used [compare Eq. (2)]. The extrapolated lines turned to cross the
origin; hence, Cy. = 0. Thus, the electrode equivalent circuit does not contain any
frequency-independent capacitance that would describe the properties of space
charge region in diamond. This means that the CPE proper, with its characteristic
potential dependence, relates to the space charge region. We shall return to this point
in Section 5.3 below.

Of special interest is impedance of nanoporous honeycomb diamond electrodes
[81] whose fabrication was briefly described in Section 2. By oxygen-plasma etching,
an ordered structure of vertical pores (60 to 80 nm in diameter, 500 nm deep) was
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Fig. 14. Dependence of measured capacitance of a polycrystalline film on frequency to the power of —3.
Potential/V: (1) 0.40, (2) 0.35, (3) 0.30, (4) 0.25, (5) 0.20, (6) 0.15, (7) 0.10, (8) 0.05. Frequency/kHz shown
on the figure. Reprinted from [80]. Copyright (1996), with permission from Elsevier Science.

produced in polycrystalline films (Fig. 15). Such electrodes show wide potential win-
dow (~2.5 V), like films with as grown surface; however the background current is
20-fold higher. Their capacitance is as large as 2000 uF cm~2 (geometric area), due
to the very high roughness factor. The frequency spectrum can be described by an
equivalent circuit containing a transmission line reflecting the surface capacitance
and the distributed electrolyte-in-pores resistance. At low frequencies, a = 0.5, which

Fig. 15. SEM image of a nano-
honeycomb diamond electrode [81].
Reproduced by permission of The
Electrochemical Society, Inc.
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is characteristic of porous electrodes [82]. Owing to their very high specific capaci-
tance, these structures are promising candidates for supercapacitors.

To conclude, we notice that diamond crystals grown at a high temperature and
high pressure (the HTHP technology) also were recently used as electrodes [76, 77].
Their impedance characteristics are similar to those of the CVD thin-film electrodes
discussed above (see Table 3).

5.2 Nonlinear Impedance

In studying a system by a nonlinear impedance method, use is made of the system’s
nonlinear characteristics. A variant of the nonlinear impedance method called the
amplitude demodulation method was first applied in the electrochemistry of semi-
conductors, in particular to diamond electrodes, in [83] (see the quoted paper for the
theory of the method and the experimental set-up). A perturbing current signal of a
high frequency @, modulated in amplitude at a low frequency Q, is applied to elec-
trochemical cell; the demodulated low-frequency voltage signal is to be measured at
the frequency Q. In accordance with the theory of the method [83], under the condi-
tion of formation of a depletion layer in a semiconductor electrode, the in-phase
component of the cell response Re Eq is inversely proportional to d(C~?)/dE.
Hence, for the acceptor concentration in the semiconductor we have [compare Eq.

(D]:
Ny = —Jo?/(2e0cer® Re Eg), (3)

where Jj is the perturbing current signal amplitude. As in Eq. (1), Eq. (3) was derived
using the Schottky depletion-layer theory. Therefore, the above conditions (a) to (c)
(Section 5.1) must be also fulfilled. The advantage of the amplitude demodulation
method is that it enables one to bring the upper frequency limit to as high a level as 1
MHz. This is demonstrated in Fig. 16, where the frequency dependence of the slope
of Mott—Schottky plot d(C~2)/dE is given. For the above-discussed electrode with a
frequency-independent capacitance (see Fig. 11), N, was found to equal (3.0-3.4)
10'8 cm~3, in a reasonable agreement with linear impedance data.
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[83]. Reproduced by permission from Elsevier
f/kH2 Science.



The Electrochemistry of Diamond 233

5.3 On the Frequency Dependence of Differential Capacitance of
Diamond Electrodes

The problem of the frequency dependence of the differential capacitance of diamond
electrodes, which manifests itself in the frequency dependence of the slope of Mott—
Schottky plots, can be subdivided into two aspects: (1) by the process(es) causing the
frequency dependence; and (2) the most convenient format for the presentation of
this dependence.

The nature of the frequency dependence of Mott—Schottky plots for semicon-
ductor electrodes has been discussed in the electrochemical literature for more than
three decades (see e.g. reviews [6, 84]). It has been speculated that it can be caused by
the following factors: (1) frequency dependence of dielectric relaxation of the space
charge region [85], (2) roughness of the electrode surface [84], (3) slow ionization of
deep donors (acceptors) in the space charge region in the semiconductor [86], and (4)
effect of surface states.

We shall briefly discuss these hypotheses as applied to diamond electrodes [78,
87]. The first hypothesis seems to be improbable for the range of frequencies com-
monly used in electrochemical impedance spectroscopy (that is, 1 to 10° Hz). The
second hypothesis undoubtedly is worthy of consideration. Indeed, when a highly
conducting (e.g. metal) electrode with a rough surface is placed into a poorly con-
ducting electrolyte, its equivalent circuit contains a distributed series resistance that is
caused by the fact that the current path is longer (hence, effective solution resistance
is greater) to the bottom of the hollows on electrode surface than to the top of the
protrusions. [The resistivity p of diamond films studied (10* to 10* Q c¢m) is much
higher than that of a strong electrolyte solution, no matter how dilute (e.g. 0.005 M).
Hence, it is the diamond, rather than the solution, that plays the role of a poorly
conducting phase at the diamond/solution junction. In other words, here the two
phases kind of exchange their places; however, this does not change the physical na-
ture of the effect under discussion.] Neglecting this effect can lead to a frequency-
dependent error in the determination of the differential capacitance. Indeed, a numeri-
cal simulation of a semiconductor electrode with rough surface enabled Oskam et al.
[84] to obtain a distinctive frequency dependence of the slope of the Mott—Schottky
plots.

Nevertheless, despite the fact that the theory [84] looks convincing, we think it
doubtful that the electrode surface roughness alone, without any additional con-
ditions imposed, should not only cause the frequency dispersion of the capacitance,
but also provide for its characteristic potential dependence, described by the
Schottky theory. Moreover, a well-substantiated conclusion was drawn recently that
the roughness of electrode surface does not necessarily cause the emergence of a CPE
in the electrode’s impedance [88].

The capacitance of surface states is undoubtedly frequency-dependent. However,
in order to ensure the linear C~2 vs. E dependence observed experimentally, one has
to make very strict assumptions concerning the energy distribution function of the
surface states, and this appears very unnatural. Therefore, a slow ionization, in the
space charge region of a diamond crystal, of atoms with a relatively deep-lying



234 Yuri V. Pleskov

(6/0); 04 v)-2
-2
(Ccalc/CcaIc|E=0.4 V) a
-1,0
2’0 N Y -A-—-VA:?»A————A————A A
N2 10,8
1,61 AN

' N . -0,6
1,2- .

N

-0,4
0,8+
 [0,2
0,4
‘ i . ; . 0,0  Fig. 17. Plots of (1) [0/a] g4 ]~ — E:
’0:4 0,0 0,4 0:8 (2) [Ceate/ Ceatel o4 v] > — E: and (3)
a — E for a single crystal electrode, cal-
EN culated from the data of Fig. 13 [78].

energy level was assumed [73] as a tentative explanation for the frequency depen-
dence of the Mott—Schottky plots for diamond electrodes. This hypothesis is sup-
ported by the fact that the o value reasonably fairly follows the changes in the
thickness of the space charge region (that is, in accordance with the Schottky theory);
see Fig. 17, curve 1, whereas a is practically potential-independent (Fig. 17, curve 3).
Nor does a depend on the dilution of solution. Note that the two factors affect the
state of the electrode surface. Hence, it was concluded that the frequency dependence
of the capacitance observed is due to a process proceeding in the space charge layer
in diamond, rather than on its surface (that is, involving the surface states). The ex-
ception arises from a few polycrystalline samples; for example, the above-discussed
film (Fig. 11), whose differential capacitance did not depend on the frequency. Their
behavior has been left unexplained.

Finally, we shall discuss different formats of presentation of the Mott—Schottky
plots for the case when they are frequency-dependent (as applied to diamond elec-
trodes). As mentioned above, this is precisely the case that is typical for the electro-
chemistry of a great variety of semiconductor electrodes [6]. Figures 13 and 17 ex-
emplify three different presentations of such data. The first is a sheaf of straight lines
relating to a number of measuring frequencies, plotted by using the capacitance val-
ues directly measured at preset frequencies and potentials (Fig. 13). The second is a
Ceale 2 vs. E curve shown in Fig. 13 as curve 3 and in Fig. 17 as curve 2. When cal-
culating C,c, the real equivalent circuit presented in Fig. 10c is arbitrarily replaced
by a simpler circuit (Fig. 10b), where a frequency-independent capacitance is sub-
stituted for the CPE. Because the whole body of data obtained over the entire
frequency range is used in plotting this graph, the Ceye 2 vs. E curve formally is
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frequency-independent. The third format (applicable to cases where CPE is present
in the equivalent circuit) involves plotting a ¢~2 vs. E graph (Fig. 17, curve 1). We
notice that ¢ — Cg when a — 1. The CPE-containing circuit was shown [80] to
describe the results of measurements more adequately than a simpler equivalent cir-
cuit containing a frequency-independent capacitance.

Yet, apart from the purely quantitative criterion, one should also take into con-
sideration general reasoning. When comparing the discussed methods, we note that
the o2 vs. E plot is frequency-independent; indeed, this is because o is frequency-
independent by definition [see Eq. (2)]. This plot is believed to be the most universal
for comparing results of different experiments because the contribution, coming from
the frequency-dependent factor proper, is separated in this case. Unfortunately, the
dimensionality of ¢ precludes a correct comparison of the results thus computed with
the directly measured capacitance values published in the literature.

No dimensionality problem exists with the C. > vs. E plot. Its disadvantage,
inherent also in method (1) discussed above, is a somewhat formal character of the
Cealc quantity.

The sheaf of the C~2 vs. E straight lines generally evidences some slow process
proceeding either on the semiconductor surface (e.g. adsorption, charging of surface
states) or in the space charge region (e.g. the deep donor or acceptor ionization
mentioned above).

Thus, we have to conclude that, without knowing the physical nature of the fre-
quency dependence of the differential capacitance of a semiconductor electrode, the
donor (or acceptor) concentration in the electrode cannot be reliably determined on
the basis of the Schottky theory, irrespective of the Mott—Schottky plot presentation
format. Therefore, the reported in literature acceptor concentrations in diamond,
determined by the Schottky theory disregarding the frequency effect under discus-
sion, must be taken as an approximation only. However, we believe that the ¢~ vs.
E plot (the more so, when the exponent a approaches 1), or the Ceatle 2 vs. E plot, are
more convenient for a qualitative comparison of electrodes made of the same semi-
conductor material.

6 Kinetics of Electrode Reactions

6.1 Outer-Sphere Reactions on “Metal-Like” Diamond Electrodes

It is conventional to classify electrochemical reactions as outer-sphere and inner-
sphere. The former involve the outer coordination sphere of a reacting ion. Thus,
little if any change inside the ion solvate shell occurs; they proceed without breaking-
up intramolecular bonds. But in the latter, involving the inner coordination sphere,
electron transfer is accompanied by breaking up or formation of such bonds. Often
the inner-sphere reactions are complicated by adsorption of reactants and/or reaction
products on the electrode surface. The electron transfer in the Fe(CN)g3~/4~ system
is example of an outer-sphere reaction (with due reservation for some complications
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caused by O-containing groups on the carbon electrode surface [89]). The oxidation
or reduction of water molecules with O, or H; evolution, respectively, exemplifies

inner-sphere reactions.

A variety of outer-sphere reactions were studied on diamond electrodes by Swain,
Miller, Ramesham, and others, using potentiodynamic curves taken under the linear
potential scan. This method is appropriate for both qualitative and quantitative
characterization of the electrode kinetics (for details, see monographs [90, 91]).

Figure 18 gives typical cyclic voltammograms taken in four redox systems at
relatively heavily doped diamond electrodes [92]. Outer-sphere reactions proceed in
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Fig. 18. Cyclic voltammograms for a polycrystalline diamond
electrode exposed to 10~* M solutions of (a) Fe(CN)s>~/4~;
(b) Ru(NH;3)s2*/3*; and (c) IrClg>~/>~ on the background
of 0. M KCl. (d) Quinone/hydroquinone on the back-
ground of 0.1 M HCIlOy4. Reprinted with permission from
[92]. Copyright (1997) American Chemical Society.
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Fig. 19. Dependence of (1) hydroquinone oxidation and (2) quinone reduction peak current on the square
root of potential scan rate. Solution of 0.01 M hydroquinone (or quinone) +0.5 M H,SOy. Polycrystalline
electrode (data of Yu. V. Pleskov and Yu. E. Evstefeeva).

the first three systems; an inner-sphere reaction, in the fourth. The characteristic
shape of the curves, with the anodic or cathodic current peaks, testifies that the stage
of charge transfer at the interface is relatively fast; therefore, the reaction experiences
difficulties that are due to slow mass transfer in solution to the electrode surface. This
conclusion is corroborated by the linear dependence of the peak current on the
square root from the potential scan rate, observed at diamond electrodes in the ferro-
ferricyanide [93], quinone/hydroquinone [94], and Ce** ions [95] (see Fig. 19). From
the slope of the lines, the reactant diffusion coefficient D can be determined. For ex-
ample, for Ce* ions it was found that [95]:

Supporting electrolyte (0.1 M) H,S0, HNO; HClO,4
105 D, cm? 5! 1.05 0.55 0.53

Analysis of potentiodynamic curves makes it possible to determine, in addition to the
diffusion coefficient, the reaction kinetic characteristics: the apparent transfer co-
efficients of the cathodic reaction («) and anodic reaction () and the rate constant
k°. Quantitative determination will be discussed in the next section; qualitatively, the
more the potential difference AE, for the anodic and cathodic current peaks (at a
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given potential scan rate and in the absence of IR potential drop), the less reversible
the electrode reaction. According to the theory of cyclic potentiodynamic curves [90,
91], AE, = 56 mV at room temperature for a reversible reaction, irrespective of the
reactant concentration and potential scan rate. For the first three systems in Fig. 18,
AE, equals 88, 72, and 65 mV, respectively. Thus, the reactions proceed as quasi-
reversible at the heavily doped diamond. On the contrary, in the quinone/hydro-
quinone system, the reaction is significantly irreversible: AE, = 560 mV. These quali-
tative estimates correlate with the rate constant values determined for the listed redox
systems [96]:

Fe(CN)s>~/4=  Ru(NH3)¢>*/3*  1rClg®> /3>~  quinone/hydroquinone
K% ems™t 9107* 31073 41073 <107°

The rate constant values depend markedly on both the boron doping level (see Sec-
tion 6.2 below for more detail) and electrode surface pretreatment; the figures are
given here for the purpose of illustration only. On the whole, from the studies of a
variety of systems, the following conclusions were derived [97]: (1) outer-sphere re-
actions are more reversible than the inner-sphere ones; (2) systems with more positive
equilibrium potential are more reversible than those with negative equilibrium po-
tential (the Ce3*/** system being an exception [69]); and (3) on heavily doped (metal-
like) diamond electrodes, the reactions proceed in a more reversible manner than on
moderately doped electrodes demonstrating semiconductor behavior. Items (2) and
(3) are illustrated by Fig. 20, where peak-to-peak potential separation of cyclic vol-
tammograms for four redox couples on diamond are shown. Heavily doped, semi-
metallic electrodes are on the left; lightly doped, semiconducting electrodes are on
the right. These qualitative conclusions have been corroborated in many works [98—
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Fig. 20. Peak-to-peak potential separation of cyclic voltammograms for four redox couples:
Fe(o-phenantroline)Cl; (reversible redox potential 0.86 V vs. SCE), ferrocene(1,1’)dimetanol (0.2 V),
Ru(NHj3)6Cls (—0.23 V), and methyl viologen (—0.67 V). Polycrystalline electrodes; data corrected for IR
drop [16].
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103]. We turn back to this point in the next section; now we call attention to the fact
that even on metal-like diamond electrodes the reaction rate is lower than on metal
electrodes known for their electrocatalytic activity, e.g. platinum. This poses the
problem of improving the electrocatalytic properties of diamond electrodes intended
for industrial applications. Getting ahead in the story of metal electrodeposition (see
Section 6.4.3 below), we note that preliminary studies showed [104, 105] that elec-
troplating of Pt nanoparticles onto diamond surface lowers the cathode reactions’
overvoltage. To attach Pt to the diamond surface more strongly, a fresh portion of
diamond was deposited over the Pt clusters (partly covering them); then the catalyst
is tightly bound to the surface [106]. We touch on an attempt to solve this problem
with DLC electrodes in Section 6.5 below.

To conclude the discussion on quasi-reversible reactions, we now direct our
attention to sonoelectrochemical reactions on diamond electrodes [107-109]. In
sonoelectrochemistry, power ultrasound is applied to electrochemical cell, causing
forced convection in the electrode-electrolyte system. As a result of the enhanced
mass transfer, non-steady-state potentiodynamic curves with current peak turn to
steady-state curves with a limiting current plateau (Fig. 21). Notice a significant in-
crease in the current. It must be emphasized that in sonoelectrochemistry electrode
materials are exposed to extreme conditions with mechanical strains induced by
pressure waves and cavitation-induced liquid jets strong enough to cause severe ero-
sion. Diamond withstands the sonoelectrochemical conditions perfectly. This opens
up fresh possibilities for efficient electrolyses and electroanalyses with diamond elec-
trodes.

6.2 Semiconductor Properties of Diamond and the Electrode Kinetics

In this section, unlike the previous one, we deal with less heavily doped, semicon-
ductor diamond. Quantitative studies of reaction kinetics have been performed in
Fe(CN)¢*~/4~, quinone/hydroquinone (recall that this is an inner-sphere reaction),
and Ce**/4* systems [94, 104, 110]. Potentiodynamic curves recorded in solutions
containing only one (either reduced or oxidized) component of a redox system are
shown on Figs. 22a and b; the dependences of anodic and cathodic current peak po-
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Fig. 22. Current-potential curves taken at a linear potential scan for (a) hydroquinone (0.01 M) oxidation
and (b) quinone (0.01 M) reduction in 0.5 M H,SO4 solution on a polycrystalline diamond electrode. The
potential scan rate v/ V s~': (1) 0.005, (2) 0.01, (3) 0.02, (4) 0.05, and (5) 0.1. (c) Dependence of the
cathodic (E,, .) and anodic (E, ,) current peak potential on logarithm of the potential scan rate. Potentials
given vs. Ag/AgCl electrode [94].

tentials £, on the logarithm of the potential scan rate v are plotted on Fig. 22¢. Quite
unexpectedly, cathodic and anodic curves are almost symmetric, like the curves taken
for metal (or metal-like diamond) electrodes; no rectification effect is observed. We
turn back to this point at the end of this section.

From the slope of the lines in Fig. 22c, and by using the above-mentioned theory
of potentiodynamic curves [90], the apparent transfer coefficients of cathodic reaction
o (or anodic reaction f) can be calculated by the following formulas:
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E, = const — (RT/2onF) Inv; 4)
E, — E,j, = —1.857(RT anF), (5)

where E, ), is the half-wave potential of the reaction, n is the number of electrons
participating in the reaction, F is the Faraday number. Another method of the
determination of o () is as follows: the dependence of the exchange current j, on
the concentration of the oxidized form ¢, is measured while the concentration
of reduced form c¢,q has been kept constant (or vice versa), then o is calculated by
formula:

Jo = nFk cox T erea®, (6)

where k° is the rate constant. The j value is calculated from the faradaic resis-
tance Rp (see Section 5.1 above) measured in the redox solution at the equilibrium
potential:

Rr = RT/(nFjp). (7)

Recall that the faradaic resistance can be determined as a low-frequency cut-off at
the complex-plane plot of impedance spectrum (compare the equivalent circuit in
Fig. 10b). Such plots measured in the Fe(CN)s* /4~ solutions of different concen-
trations are given in Fig. 23a [104] (similar results were obtained in [111]). The plots
are (somewhat depressed) semicircles, whose radii decreased with increasing redox
couple concentration. Figure 23b shows the line plotted by using the data in Fig. 23a,
in accord with Eq. (6). We notice that all three methods yielded similar results.

Typical values of transfer coefficients o and f thus obtained are listed in Table 4
for single crystal and polycrystalline thin-film electrodes [69] and for a HTHP dia-
mond single crystal [77]. We see for Ce*/#* system (as well as for Fe(CN)s>~/#~ and
quinone/hydroquinone systems [104]), that, on the whole, the transfer coefficients are
small and their sum is less than 1. We recall that an ideal semiconductor electrode
must demonstrate a rectification effect; in particular, a reaction proceeding via the
valence band has transfer coefficients o = 0, f = 1; « + f = 1 [6]. Actually, the ideal
behavior is rarely the case even with single crystal semiconductor materials fab-
ricated by advanced technologies. Departure from the “ideal”” semiconductor be-
havior is likely because the interfacial potential drop is located in part in the Helm-
holtz layer (due e.g. to a high density of surface states), or because the surface states
participate in the reaction. As a result, the transfer coefficients o and f take values
intermediate between those characteristic of a semiconductor (0 or 1) and a metal
(~0.5).

In this context we discuss an energy diagram of the boron-doped semiconductor
diamond/redox electrolyte interface (Fig. 24) [110]. The plotting of such diagrams is
discussed at length, e.g. in [6]; here we recall that the position of Fermi level of a
diamond electrode in the electrode potential scale is unambiguously determined by
the value of flat-band potential Ef,. First, attention is drawn to the fact that the
conduction band is arranged very high, close to the vacuum level (zero point on
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Fig. 23. (a) Complex plane plots of impedance spectra measured for a polycrystalline electrode at the
equilibrium potential in 1 M KCl+ x M K3Fe(CN)g +x M Ky4Fe(CN)g solution at a value of x: (1)
3.3107%;(2) 1072; (3) 5 1072; (4) 107'; (5) 2 107!, Frequency f/Hz shown on the figure. (b) Dependence of
faradaic resistance on logarithm of the redox electrolyte concentration [104].

the energy E scale), and sometimes exceeds this level (at the solid/vacuum interface
this would correspond to a negative electron affinity of diamond). Hence, electrons in
the conduction band (photoelectrons in particular, see Section 7 below) are basically
very strong reducing agent capable of the reduction of hard to reduce compounds.
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Table 4. Comparative kinetic characteristics of diamond
electrodes [determined in 0.01 M Ce3* (or Ce**)+
0.5 M H,SOy solution] [69, 75].

o B k%/cm s71

Polycrystalline film

0.16 0.46 6-107°

Single-crystal film

0.2 0.43 6.5-1077

HTHP single crystal

0.33 0.27 4.4.10°°
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Fig. 24. Energy diagram of the boron-doped diamond/aqueous redox electrolyte solution interface: (a) at
the flat-band potential; (b) at the equilibrium potential of Fe(CN)g3~/4~ system. E, is the energy of con-
duction band bottom, E, is the energy of valence band top, F is the Fermi level, Eg, is the flat-band
potential. Shown are the electrochemical potential levels of the Fe(CN )¢/~ and quinone/hydroquinone
(Q/H2Q) systems in solution. The electrode potential axis E is related to the standard hydrogen electrode
(SHE). Reprinted from [110]. Copyright (1997), with permission from Elsevier Science.
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Second, because (in accord with the Franck—Condon principle) the electron
transitions at interfaces involve levels of equal energy [6], an overlap of the available
energy states in redox electrolyte and in an allowed band in semiconductor electrode
is required for an efficient charge transfer at the interface. Therefore, electrode re-
actions whose electrochemical potential levels are located close to the top of valence
band E, exchange charges with diamond most efficiently. This reasoning explains the
above-mentioned observations [97] concerning the dependence of reaction rate on the
redox potential of a solute. In particular, we see from Fig. 24 that the electro-
chemical potential level of Fe(CN)¢3~/#~ system is arranged close to the valence
band; it is well off from the conduction band. Hence, the electrode reactions of
Fe(CN)g*~ and Fe(CN)g*~ ions proceed via the valence band, rather than the con-
duction band. A more sophisticated analysis of the complex-plane plots of imped-
ance, taken in redox solutions, resulted in the conclusion that these reactions involve
surface states at the interface [111]. This is possibly why no rectification is ob-
served for the diamond/redox electrolyte solution interface. As mentioned above, the
high-frequency cut-off on the ReZ axis (Fig. 23a) gives the diamond film resis-
tance R;, from which the diamond resistivity p can be calculated. The low-frequency
cut-off gives the faradaic resistance Rp. In Fig. 25 we show dependences of Ry on
electrode resistivity p for two redox systems. Taking into account Eq. (7) we con-
clude that, first, the exchange current j, in Fe(CN)g> /4~ system must be three
orders higher than that in quinone/hydroquinone system, in full agreement with
the (Section 6.1) rate constant values listed above. Second, the exchange current is
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Fig. 25. Dependence of faradaic resistance measured at the equilibrium redox potential on the poly-
crystalline film resistivity for (1) Fe(CN)s*>~/4~ and (2) quinone/hydroquinone systems. Reprinted from
[110]. Copyright (1997), with permission from Elsevier Science.
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inversely proportional to resistivity over a wide range of p (which is in a qualitative
agreement with the above-indicated dependence [97] of reaction rate on the doping
level).

Such an interrelationship is a manifestation of the effect of potential distribution
at the semiconductor/electrolyte interface on the electrochemical kinetics on semi-
conductor electrodes. At an ‘““ideal” semiconductor electrode the potential drop in
the Helmholtz layer is small in comparison with the potential drop in the space
charge layer [6]. Energy band edges E. and E, (Fig. 24) are as if “pinned” at the in-
terface, irrespective of the doping level; hence, the bulk free carrier concentration
(which is inversely proportional to the diamond resistivity, assuming the hole mobil-
ity to be independent of the boron content). So, the surface free carrier concentration
in a semiconductor electrode does not depend on the doping either. Electrochemical
reaction rate on the semiconductor electrode, which is proportional to the surface
concentration of the charge carriers participating in the reaction, must therefore be
doping-independent (provided the bandgap value remains constant) [6, 112]. This
is not the case with diamond electrodes (Fig. 25). From the experimental Rr vs. p
dependence we thus draw the conclusion that the potential distribution at the dia-
mond/electrolyte solution interface in the redox solutions depends on the diamond
doping level, the more so for more heavily doped samples. This is why the semicon-
ductor diamond behavior is far from “ideal” and why, in particular, no current rec-
tification is observed on diamond electrodes.

Moderately doped diamond demonstrates almost ideal semiconductor behavior
in inert background electrolytes (linear Mott—Schottky plots, photoelectrochemical
properties (see below), etc.), which provides evidence for band edge “pinning” at the
semiconductor surface. By comparison in redox electrolytes, a metal-like behavior
is observed with the band edges “unpinned” at the surface. This phenomenon,
although not yet fully understood, has been observed with numerous semiconductor
electrodes (e.g. silicon, gallium arsenide, and others) [113]. It must be associated with
chemical interaction between semiconductor material and redox system, which re-
sults in a large and variable Helmholtz potential drop.

An example of such interaction, the effect of diamond surface oxidation on the
“band-edge movement” was investigated recently [114, 115]. We recall that the as-
grown surface of chemical-vapor-deposited diamond is hydrogen-terminated, and
that its flat-band potential (determined by extrapolating Mott—Schottky plot) is close
to 0 V (SCE). Upon treatment in oxygen plasma (or anodic polarization), the flat-
band potential shifted to 1.0-1.1 V. Thus, energy bands at diamond/electrolyte in-
terface move downward in the energy diagram due to the change of the Helmholtz
potential drop. On oxidized diamond, the flat-band potential appeared to be pH-
dependent (as is typical of oxidized semiconductor electrodes [6]). Of interest is that
oxidation strongly affects the kinetics of reactions in the Fe(CN)g*~/4~ couple: a
nearly reversible reaction at a hydrogen-terminated surface becomes highly irrevers-
ible at an oxidized one, as the peak-to-peak potential difference shows (Fig. 26).
However no effect of surface oxidation was observed with the Ru(NH);>*/3* couple.
Obviously, the former system is sensitive to O-containing groups on the diamond
surface.
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diamond electrode before (broken line) and after
(solid line) oxygen plasma treatment for 1 min, taken
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6.3 Crystal Structure and Electrode Kinetics: Comparison of Single
Crystal and Polycrystalline Diamond and Amorphous Carbon
Electrodes

As shown in Section 3.2, polycrystalline diamond film is a heterogeneous system
comprising diamond crystallites and intercrystallite boundaries, presumably consist-
ing of amorphous carbon. This brings up the question: To what extent do inter-
crystallite boundaries affect the electrochemical behavior of polycrystalline diamond
electrodes? To answer this question, the electrochemical properties of polycrystalline
and single crystal diamond and amorphous carbon should be compared. In such a
comparison, a model material of the intercrystallite boundaries should be chosen.

In Section 2 we showed that the properties of amorphous carbon vary over a
wide range. Graphite-like thin films are similar to thoroughly studied carbonaceous
materials (glassy carbon and alike) in their electrode behavior. Redox reactions pro-
ceed in a quasi-reversible mode on these films [75]. On the contrary, no oxidation or
reduction current peaks were observed on diamondlike carbon electrodes in Ce3*+/4+,
Fe(CN)s>~/4~, and quinone/hydroquinone redox systems: the measured current did
not exceed the background current (see below, Section 6.5). We conventionally took
the rather wide-gap DLC as a model material of the intercrystallite boundaries in the
polycrystalline diamond. Note that the intercrystallite boundaries cannot consist of
the conducting graphite-like carbon because undoped polycrystalline diamond films
possess excellent dielectric characteristics.

By comparing measured values of «, 8, and k° (Table 4), it was concluded that
single crystal and polycrystalline diamond electrodes are similar in their kinetic be-
havior. Because DLC films turned out to be fully inactive, we concluded that the in-
tercrystallite boundaries do not contribute to the electrode behavior of polycrystal-
line diamond films. The conclusion that the diamond crystallites determine behavior
is corroborated by the comparative study of impedance (Table 3) characteristics of
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polycrystalline and single crystal diamond electrodes, and holds at least over a mod-
erate electrode polarization range [69].

And yet, at high anodic potentials (+1.7 V vs. SHE, just prior to the onset of the
O, evolution) a minor current peak is observed at potentiodynamic curves taken with
polycrystalline electrodes [38, 116]. As scans were repeated, the peak current in-
creased until it reached a steady-state value (Fig. 27). The peak is found to be more
pronounced for electrodes with higher sp?-carbon content. And, vice versa, it was
not observed on single crystal electrodes. The peak current still is as low as 1 pA
cm~?; therefore, it would be overlooked with Fig. 7 and similar graphs. The surface
redox couple that manifests itself in this manner was ascribed to the oxidation of sp>-
carbon of intercrystallite boundaries. The total charge transferred, if related to oxy-
gen bound to surface carbon sites, indicated only 0.05% of the sites participated in
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the reversible oxidation and reduction of the surface. No other features have been
observed that could be assigned to the possible effects of intercrystallite boundaries,
more generally, sp>-carbon on the electrochemical behavior of polycrystalline dia-
mond [89].

6.4 Kinetics of Inner-Sphere Reactions
6.4.1 Reaction Involving Gas Evolution or Consumption

Among the inner-sphere reactions are cathodic hydrogen evolution and anodic oxy-
gen evolution, which frame the potential window in aqueous electrolyte solutions (see
Figs. 7 and 8). As indicated earlier (Section 4.1), the higher the electrode quality, the
higher the overvoltage of these reactions. For H, evolution, the exchange current was
estimated at 107! A cm~2, the transfer coefficient o = 0.30; for O, evolution,
5-107"" A cm™2 and 8 = 0.25, respectively [38].

The reverse reaction, dissolved O, reduction in alkaline and acid solutions, was
also studied [117, 118]. The reduction was found to be highly inhibited, probably due
to the lack of adsorption sites for oxygen and/or reduced intermediates. The reaction
is hypothesized to proceed mainly at sp?-sites; the non-diamond sp? carbon was de-
activated by anodic prepolarization. The kinetic parameters were found as o = 0.24,
k®=7-10"° cm s! in alkaline medium. It is significant that, owing to its high
overvoltage, the dissolved O, reduction does not interfere with other reactions, which
thus can be studied on diamond electrodes without air removal from the cell; this
could be advantageous in certain types of analytical applications.

In addition to the O, anodic evolution, ozone formation takes place on boron-
doped diamond anodes. The higher the boron concentration, the less the reaction
overvoltage, in full agreement with observations discussed in Sections 6.1 and 6.2.
Compared with traditional PbO, anodes, the overvoltage still is much higher (by
0.7 V for the 5000-ppm boron-containing diamond), as seen in Fig. 28. The faradaic
efficiency of O3 production comes to a few per cent. No significant change in surface
morphology was observed; nor did the sp?-carbon form on the surface, as Raman
tests indicated. The consumption rate of diamond was about 0.4 mg A~! h~!, which
is an order of magnitude lower than that of Pt under the same conditions. Diamond
electrodes are fairly stable: the electrode life is as long as 900 h at a current density of
2 A cm™2. (Then the diamond layer is undercut and peels off [119, 120].) At a lower
temperature (—2 °C), the faradaic efficiency is as high as 12 to 15 % [121]. Thus,
diamond electrodes have good potentialities for purging chemical and biological
contaminants in wastewaters [122].

The potential window can be limited by the decomposition potential of a solute,
not just a solvent. In particular, reactions of anodic oxidation of halides (Cl~, Br™,
and I7) on diamond are highly irreversible and have much higher overvoltage (for
Cl~, by 1 V) than on platinum or graphite electrodes [97, 123, 124]. In all probability
this is due to poor adsorption of intermediates, that is, Cl, Br, and I atoms, on the
diamond electrode surface. We recall that the outer-sphere reactions discussed in
Section 6.1 generally do not involve adsorption of intermediates and thus are not
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Fig. 28. Anodic O3 evolution plots for polycrystalline diamond thin-film electrodes (top) and PbO, elec-
trodes exposed to 10 vol. % H,SO4 solution. The boron/carbon ratio in the source gas during the films
growth shown on the figure [119]. Reproduced by permission of The Electrochemical Society, Inc.

affected by poor adsorbability of the diamond surface. The traces of sp>-carbon on
diamond surface were supposed to reduce the overvoltage for I~ oxidation [125].
Preliminary observations on the CO, reduction in NaCl-KCl molten salt electrolyte
at 750 °C were reported in Ref. [126].

6.4.2 Reactions of Organic and Inorganic Compounds. The Diamond Electrodes in
the Preparative Electrolysis

In addition to quinone reduction and hydroquinone oxidation, electrode reactions of
many organic compounds are also inner-sphere. In these charge transfer is accom-
panied by profound transformation of the organic molecules. Some reactions are
complicated by reactant and/or product adsorption. Anodic oxidation of chlorpro-
mazine [54], ascorbic acid [127], anthraquinone-2,6-disulfonate [128], amines [129],
phenol, and isopropanol [130] have been investigated. The latter reaction can be used
for purification of wastewater. The cyclic voltammogram for cathodic reduction of
fullerene Cg in acetonitrile solution exhibits 5 current peaks corresponding to dif-
ferent redox steps [131].

An efficient possible application of diamond electrodes is their use in the reduc-
tion of hard-to-reduce compounds. Fujishima, Tenne, Levy-Clement et al. studied
the electroreduction of nitrate and nitrite ions to ammonia [132—134]. The reaction

NOj + 7H,0 + 8¢~ — NH4OH + 9OH™
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proceeds in an alkaline KNO; solution on a heavily doped (N4 ~ 102! cm~3) dia-
mond cathode at a high current density: 300 mA cm~2 at E = —5 V (SCE). No dis-
tinct corrosion of the cathode was observed even upon extensive electrolysis.

The most striking feature of these reactions is that their faradaic efficiency ex-
ceeds the theoretical value of 100 %. This fact was first attributed to a simultaneous
(conjugated) reaction involving the silicon substrate, provided pinholes existed in the
diamond film. However, on a free-standing, diamond-film electrode (see Section 2)
the efficiency has a still abnormal, albeit somewhat lower, value. This effect was left
unexplained.

One more inorganic electrosynthesis, peroxodisulphate production, has been
studied [135]. Despite an inevitable side-reaction (oxygen evolution), the current effi-
ciency obtained was as high as 75 %.

6.4.3 Electrodeposition of Metals onto Diamond

Information concerning metal electrodeposition on diamond is scarce and in part
contradictory. The nucleation kinetics during Hg electrodeposition on heavily doped
diamond electrodes were studied in Ref. 136. Judging by the time dependence of de-
position current, and based on the kinetic theory of electrodeposition, the authors
distinguished between two mechanisms that would be realized upon different con-
ditions. Namely: (1) the primary instantaneous formation of a high density of nuclei
and their successive growth; or (2) the deposition under the progressive nucleation.
Figure 29 shows an example of this analysis for the electrodeposition of silver (for
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Fig. 29. Electrodeposition of Ag from 0.017 M AgCN +0.92 M KCN +0.11 M K,COj; solution: di-
mensionless analysis of experimental potentiostatic current transients (/, and #,, are the current and time
corresponding to the maximum on the current transient curve, respectively). Upper curve calculated for the
instantaneous nucleation mechanism; lower curve, for the progressive nucleation mechanism. Different
symbols/experimental points relating to different potentials [136]. Reproduced by permission of The Elec-
trochemical Society, Inc.
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EN Fig. 30. Anodic stripping voltammograms of 100 pg/l
[ (] ' | ) Pb and Cd at (1) boron-doped diamond and (2) glassy
-1.0 -0.5 0 carbon electrodes.

which the case of progressive nucleation is observed). Desorption of H and O from
diamond surface, resulting from its electron irradiation, facilitates the Ag electro-
deposition [137].

Lead and mercury are deposited as micron-sized clusters, predominantly at in-
tercrystallite boundaries [105]; so does lithium from the polyethylene oxide solid
electrolyte. What is more, Li intercalates into the sp>-carbon [22, 138]. Thus, obser-
vations on the Li intercalation and deintercalation enable one to detect non-diamond
carbon on the diamond film surface. Copper is difficult to plate on diamond [139].
There is indirect evidence that Cu electrodeposition, whose early stages proceed as
underpotential deposition, also involves the intercrystallite boundaries [140]. We note
that diamond electrodes seem to be an appropriate tool for use in the well-known
electroanalytical method of detection of traces of metal ions in solutions by their
cathodic accumulation followed by anodic stripping. The same holds for anodic de-
position, e.g. of, Pb as PbO, with subsequent cathodic reduction [141, 142]. Figure
30 shows the voltammograms of anodic dissolution of Cd and Pb cathodically pre-
deposited from their salt mixtures on diamond and glassy carbon electrodes. We see
that the dissolution peaks are clearly resolved. The detection limit for Zn, Cd, and Pb
is as low as a few ppb [143].

A procedure for Ni(OH), deposition on diamond was developed [144], with the
intent of exploiting the structure in a battery. The Ni(OH), film adhered well to the
diamond substrate and retained its capacity even after 4000 charging/discharging
cycles.

Preliminary results were recently reported [145] on the use of CdTe electro-
deposition on diamond in the fabrication of a solid-state solar cell based on the
boron-doped p-type diamond/n-type CdTe junction. In this cell, the wide-bandgap
diamond is an optical window that generates photovoltage, whereas the narrow-
bandgap CdTe generates photocurrent. We note that no appropriate p-type material
for the fabrication of optical windows has existed so far; therefore, one would use an
n-type CdS window coupled with narrow-bandgap p-type CdTe. However, the pro-
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duction technology of n-type CdTe is better developed than that of the p-type CdTe;
moreover, diamond is superior to CdS because of its higher conductance.

6.4.4 FElectroanalytical Applications

Potentialities of boron-doped diamond as a tool for electroanalysis are determined
by its high corrosion resistance, good stability, and, in many cases, selectivity. Dia-
mond detecting electrodes can be used in combination with different analytical
methods: liquid chromatography, electrodialysis, etc. Numerous examples of elec-
troanalytical applications of diamond electrodes are available [128, 142, 146, 147]. A
thin-layer flow-through cell with a rather heavily doped diamond electrode (N4 =
10" cm~3) was used in the detection of ethylamine, ethylene diamine, and azide ions
N3~ in a flow-injection analysis (FIA) with electrochemical detection technique. The
detection was performed in a dynamic regime, by injecting a microprobe of a test
solution into flowing indifferent electrolyte and tracing the electrode current response
(Fig. 31). The cell function turned to be linear over the 3 - 1073 to 10~7 M range; the
detection limit is (nM):

N3~ Chlorpromazine Ascorbic acid Dopamine 4-methylcatechol

8 4 12 2.5 2

An example of the selectivity of diamond electrodes is the detection of dopamine in
the presence of 1000-fold excess of ascorbic acid (typical of the composition of neural
extracellular fluid). On an H-terminated diamond, potentials of the dopamine (DA)
and ascorbic acid (AA) oxidation peaks on potentiodynamic curves are very close
each other; the peaks cannot be resolved (Fig. 32). To impart selectivity to diamond
electrode, it was subjected to anodic pre-treatment (discussed in Section 6.2). The
treated electrode exhibited a substantial shift in the positive direction for the peak
potential for AA oxidation, thus making it possible to discriminate between the DA
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and AA responses. Electrode function is linear both in higher concentration range
(1 to 70 uM DA, 1 mM AA) and in lower concentration range (0.1 to 1 pM DA,
0.1 mM AA); detection is possible by using voltammetry and cronoamperometry,
respectively [148, 149]. Similarly, uric acid can easily be determined in a background
of excess of ascorbic acid, as current peaks of uric acid and ascorbic acid are well
resolved on the anodic cyclic voltammograms.

Compared to conventional (macroscopic) electrodes discussed hitherto, micro-
electrodes are known to possess several unique properties, including reduced IR
drop, high mass transport rates and the ability to achieve steady-state conditions.
Diamond microelectrodes were first described recently: diamond was deposited on a
tip of electrochemically etched tungsten wire. The wire is further sealed into glass
capillary. The microelectrode has a radius of few pm [150]. Because of a nearly
spherical diffusion mode, voltammograms for the microelectrodes in Ru(NH3)g3~
and Fe(CN)s*~ solutions are S-shaped, with a limiting current plateau (Fig. 33a),
unlike those for macroscopic plane-plate electrodes that exhibit linear diffusion (see
e.g. Fig. 18). The electrode function is linear over the micro- and submicromolar
concentration ranges (Fig. 33b) [151].

These results, even if obtained on a laboratory scale, demonstrate the great
potentialities of diamond electrodes in electroanalysis.

6.5 Diamond-Like Carbon Electrodes

In Section 2 we showed that the properties of amorphous carbon vary over a wide
range. Graphite-like thin films are similar to other carbonaceous materials (glassy
carbon, and the like) in their electrode behavior. Redox reactions proceed in a quasi-
irreversible regime on these films. In particular, the cathodic reduction of nitrate
previously studied on crystalline diamond electrodes (see Section 6.4.2) was per-
formed with amorphous carbon films prepared by UHV laser deposition and
comprising both sp?- and sp®-carbon [152]. Reduction current density as high as
2 mA cm~? was reached in neutral or alkaline solutions. The use of such electrodes
in microgravimetry is discussed [153].
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Fig. 33. (a) Cyclic voltammograms for 1 mM K4Fe(CN), oxidation at diamond microelectrodes in 0.1 M
KCl solution. Potential scan rate: 10 mV s~'; electrode radii: (1) 20 pm, (2) 6 pm. (b) Calibration curve for
the 20-pum-radius microelectrode [151]. Reproduced by permission of The Electrochemical Society, Inc.

On the contrary, no oxidation or reduction current peaks were observed
on the sp*-carbon-comprising wide-gap DLC (E, ~ 1.7 eV) electrodes in Ce**/4+,
Fe(CN)s>~/4~, and quinone/hydroquinone redox systems, as already mentioned in
Section 6.3. Thus, we conclude that DLC is electrochemically inactive in itself. It
gains electrochemical activity upon introducing a significant (ca. 10 %) admixture of
platinum to the film bulk. Figure 34 shows the dependence of the Fe(CN)s>~ reduc-
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Fig. 34. Dependence of the Fe(CN)q3~ reduction peak current on the Pt content in DLC (a-C:H) thin-film
electrodes. Solution of 0.01 M K3Fe(CN)g + 0.5 M H,SO4. Data of Yu. V. Pleskov, Yu. E. Evstefeeva and
A. M. Baranov.

tion peak current on the Pt content. The platinum-rich DLC:Pt electrodes qual-
itatively resemble the above-discussed crystalline boron-doped diamond electrodes in
their electrochemical characteristics. The oxidation and reduction reactions proceed
as irreversible reactions under mixed diffusion-kinetic control and have moderate
overvoltage [63].

By the method of introducing Pt into the DLC, the platinum metal is assumed to
be distributed over the carbonaceous material bulk as discrete atoms or clusters
[154]. Essentially, Pt is not a dopant in the DLC, in the sense that the term is used in
semiconductor physics. Nor is the percolation threshold surpassed, since the admix-
ture of Pt (not exceeding 15 at. %) did not affect the a-C:H resistivity, as was shown
by impedance spectroscopy tests: p ~ 10° Q cm, like that of the undoped DLC (see
Table 3). It was thus proposed that the Pt effect is purely catalytic one: Pt atoms on
the DLC surface are the active sites on which adsorption and/or charge transfer is
enhanced [75]. (And the contact of the carbon matrix to the Pt clusters is entirely
ohmic.) This conclusion was corroborated by the studies of Co tetramethylphenyl-
porphyrin reaction kinetics at the DLC:Pt electrodes [155]: redox reactions involving
the Co central ion proceed partly under the adsorption of the porphyrin ring on the
electrode.

These data offer basic possibilities of developing efficient electrodes made of cor-
rosion-resistant carbonaceous material (DLC) by introducing a small admixture of
an electrocatalyst metal, like Pt, into its bulk. A simultaneous magnetron sputtering
of carbon and Pt targets is best suited for the purpose. When using CVD techniques,
a volatile Pt compound should be added to the reaction gas mixture.



256 Yuri V. Pleskov

p/Qcm

104 ==~ > ¢ — 5

1.0

106 |

108 ="A

1016 ] I3 1 i
0 0. 02 0.3 04 05

Atomic fraction of metal

Fig. 35. The relationships between the atomic fraction of metal admixture in DLC and resistivity [157].
Reproduced by permission of The Electrochemical Society, Inc.

At still higher amounts of metal added to the carbon matrix, another type of the
DLC-metal composite electrodes was obtained. The relationships between the atomic
fraction of metal admixture and the resistivity are schematically shown on Fig. 35.
According to [156], in films with resistivities equal to or exceeding 10° Q cm (like the
above-discussed DLC:Pt electrodes), the metal atoms are believed to intercalate into
the DLC network structure (area A on Fig. 35). For films with 10°-1072 Q cm re-
sistivities, metal forms an amorphous network throughout the diamond-like carbon
network, the metal concentration exceeding the percolation threshold (area B). For
films with resistivities in the range from 1072 to 10~* Q cm (area C), the metal fills in
the nanopores in the DLC [157, 158]. They were fabricated by microwave plasma-
assisted deposition. W, Cr, and Hf metals were introduced to DLC to the extent of
12 to 25 at. %. At such a metal concentration, the film resistivity dropped to ~1073
Q cm. With increase in the W or Cr content, the hydrogen evolution overvoltage
decreases steeply. At still higher metal concentration (>50 at. %, area D), the DLC
network breaks down.

Nitrogenation is another method to impart electrical conductance to amorphous
diamondlike carbon. Such a-C:N:H films were deposited from N, + CH4 plasma
source [159, 160]. The conductance in a-C:N:H films is probably due to the hopping
of electrons between localized trapping centers (point defects), rather than to free
carrier transport in the allowed energy bands. The increase in N,/CHy ratio in the
gas mixture leads to a decrease in electrical resistivity p and optical bandgap of the
films from 3-10'" to 5-10° Q cm and from 1.3 to 0.6 eV, respectively. Simulta-
neously, the concentration of electrically active point defects increased significantly
and charge transfer at the a-C:N:H film/redox electrolyte interface was facilitated.
This is shown in Fig. 36 as the log p dependence of peak-to-peak potential difference
AE, for cyclic voltammograms taken in the Fe(CN)g>~/4~ system: the higher the N
content (the lower p), the less irreversible is the electrode reaction.

One more variety of amorphous carbon is the so-called tetrahedral amorphous
carbon (ta-C). Unlike the above-discussed a-C:H films, ta-C contains practically
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Fig. 36. Dependence of the current peak potentials difference AE, on the logarithm of a-C:N:H films re-
sistivity for the cyclic voltammograms taken in 1 N H,SO4 + 0.005 N Fe(CN)g3~ +0.005 N Fe(CN)g*~
solution. The potential scan rate is S mV s~! [160].

no hydrogen; the sp* carbon fraction in ta-C can be as high as 85% [161]. Nitrogen-
incorporated ta-C, deposited from C and N ion source, turned out to be excellent
anode material for chlorine evolution [162]. At the atomic fraction of nitrogen
~10%, the film resistivity approached 10 Q cm. This material demonstrated more
active charge transfer properties in a number of redox systems than H-terminated
boron-doped diamond electrodes. In particular, a 100% current efficiency for anodic
Cl, evolution from HCI solution was reached at [C17] as small as 50 mM (as com-
pared with 2 M for boron-doped diamond electrodes). The films are extremely stable:
more than 10* times the coulombs necessary for C complete oxidation to CO; can
be passed during the Cl, evolution, without noticeable change in voltammetric
properties.

This concise overview demonstrates the great promise of inexpensive and easy-
to-prepare amorphous diamond-like carbon electrodes for electrosynthetic and elec-
troanalytical applications.

7 Photoelectrochemistry of Diamond

The semiconductor nature of diamond manifests itself in a photoelectrochemical
response caused by the photogeneration of free charge carriers. With the dielectric
diamond, photoconductance (that is, an increase in the conductance due to an
increase in majority carrier concentration) can be observed. With the conducting
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(boron-doped) material, the interfacial phenomena arise owing to minority-carrier
photogeneration effects that influence interface charging and/or electrode processes.
Photocurrent would be recorded in the potentiostatic regime; photopotential, in the
galvanostatic or coulostatic regime.

In early stages of the photoelectrochemistry of diamond, the electrodes were
studied under sub-bandgap illumination [11]. Since the diamond bandgap E, is as
wide as 5.5 eV (Table 1), visible and long-wavelength ultraviolet light obviously
should not be able to excite valence band electrons to the conduction band. The free
carrier generation was due to some light-sensitive impurity or defect states in the
diamond forbidden band (the so-called extrinsic, or impurity, photosensitivity). Only
recently, by using an excimer laser as a source of light with high-energy quanta
(wavelength of 193 nm, which corresponds to v = 6.4 eV), photocurrent vs. poten-
tial curves were recorded for diamond electrodes under the band-to-band excitation
(the intrinsic photosensitivity) [163]. Figure 37 clearly shows the large difference in
the (cathodic) photocurrent under the supra-bandgap (Fig. 37a) and sub-bandgap
(Fig. 37b) excitation. With sub-bandgap illumination, the quantum yield used to be
~0.01 % [164]. Whereas under the supra-bandgap illumination, the quantum yield is
as high as 34 % (although it decreases with increasing incident power density, prob-
ably due to enhanced recombination). Open-circuit illumination of diamond elec-
trodes yields a positive potential shift, as would be expected for p-type semiconductors
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Fig. 38. Potential dependence of photo-
current squared for polycrystalline dia-
mond electrode in 1 M KCI solution.
Potentials given vs. SCE. Reprinted from
[11]. Copyright (1987), with permission
from Elsevier Science.

[6]. And yet in addition to the cathodic photocurrent, characteristic of the p-type
semiconductor, occasionally anodic photocurrent was observed [12, 66, 165]. The
anodic photocurrent is still not clearly understood.

Figure 37 shows that the photocurrent density increases in absolute value with
cathodic polarization. To gain greater insight into this effect, we plotted the photo-
current squared as a function of potential (Fig. 38) [11]. This plot is the photo-
electrochemical equivalent of the better known Mott—Schottky plot (compare Fig.
11). Both plots reflect the potential dependence of the space charge region thickness
in semiconductor diamond. Upon illumination, the photogenerated charge carriers
of different sign are separated in the electric field existing in the space charge region.
The minority carriers (electrons in the boron-doped diamond) migrate to the inter-
face to be consumed in the electrochemical reaction or, in coulostatic regime, to
charge the interface. The majority carriers (holes) migrate to the diamond bulk,
propagate to the ohmic contact and eventually to the external circuit of the electro-
chemical cell. Hence, the thicker the space charge region over which the minority
carriers are collected, the higher the photocurrent. By extrapolating the line in Fig.
38 to I,n, — 0, one obtains the flat-band potential just as one does with the Mott—
Schottky line (Fig. 11). Both methods would yield similar results.
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Fig. 39. Cathodic photocurrent spectrum for a polycrystalline diamond electrode exposed to 0.5 M H,SO4
solution at a potential of 0.05 V vs. NHE. Inset: determination of the threshold energy assuming indirect
electron transitions [66]. Reproduced by permission of The Electrochemical Society, Inc.

Figure 39 gives a typical cathodic photocurrent I, spectrum taken under sub-
bandgap illumination (kv < E;) of a polycrystalline diamond electrode. The inset in
the figure shows the treatment of the spectrum in (Iph-hv)l/ % vs. hv coordinates,
which is common practice for determination of threshold energies of the indirect
electron transitions being the basis of free carrier photogeneration (see [6] for more
details). Occasionally, the plots comprise two linear sections giving two threshold
energies (see Fig. 39). The problem of identification of the physical nature of the
energy levels in the diamond bandgap, involved in the photocurrent generation, is far
from a solution. Some transitions with the threshold energy close to 4 eV were iden-
tified with the phototransition of valence band electrons to the nitrogen NT levels
located 1.7 eV below the conduction band bottom E, [165].

Illumination of diamond electrode may induce some fine effects. In particular, the
morphology of Cu electrodeposit, plated in dark and at an illuminated diamond
surface, is different. Moreover, a “photographic memory effect” was observed
with polycrystalline diamond electrodes: the Cu ““dark” electrodeposition on a pre-
illuminated electrode yields morphology that is characteristic of a deposit produced
at illuminated electrodes. This effect is hypothesized to be caused by “‘subsurface”
hydrogen in diamond [166].

The above-discussed photocurrent measurements were performed under the
steady-state illumination of electrodes. In the pulse illumination mode, the photo-
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potential magnitude and the dynamics of its decay on the switching-off light would
be measured [164, 167, 168]. The photogenerated minority-carrier flux results in
electrode capacitance charging; hence, in a shift of open-circuit potential. By using a
somewhat modified equivalent circuit of Fig. 10b, to allow for the charging of sur-
face states, the photopotential response was analyzed and adequately modeled. This
approach yielded the equivalent circuit elements (resistances and capacitances) that
agree with those directly measured using the impedance spectroscopy method, thus
proving the self-consistency of the approach.

The photocurrent decay, under pulsed illumination, is strongly accelerated upon
anodic or O-plasma oxidation of diamond surface. This effect is believed to be due to
removal of the above-mentioned subsurface hydrogen [169].

Photocurrent-potential curves and photocurrent spectra have been reported for
DLC electrodes [61, 62, 170]. Under illumination, the DLC demonstrates properties
of an intrinsic wide-gap semiconductor or insulator. By treating the spectra in the
above-described way, the mobility gap in this disordered carbon material was
estimated.

8 Electrochemical and Photoelectrochemical
Characterization of Diamond

We briefly list the methods of electrochemical characterization, discussed at length in
previous sections:

— bulk resistivity p determination from the “series’ resistance measured by the im-
pedance-spectroscopy techniques (Section 5.1);

— uncompensated acceptor concentration N, determination either from Mott—
Schottky plots (Section 5.1) or by the nonlinear impedance method (Section 5.2);

— flat-band potential Erp, determination from Mott—Schottky plots (Section 5.1).

Photoelectrochemical measurements also provide an approach to the determination
of electrophysical characteristics of diamond. In addition to the threshold energies of
electron phototransitions, determined by the analysis of the photocurrent action
spectra (Section 7), the diffusion length of minority carriers in polycrystalline dia-
mond films was estimated (at 2 to 4 pm) by comparing light absorption spectra and
open-circuit potential spectra [171].

Below, we discuss one more (photoelectrochemical) method for determination of
the flat-band potential [40, 172]. The flat-band potential can be determined (i) as the
photocurrent onset potential Eqyge; (ii) from the dependence of electrode open-circuit
photopotential E,.P" on light intensity J, as the limiting value of E, at a sufficiently
high J; and (iii) by extrapolating, to zero photocurrent, the potential dependence of
the photocurrent j,, squared (see Section 7). These methods are based on the concept
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of photogenerated charge carrier separation in the electric field of the space charge
region near the semiconductor/electrolyte interface [6]. Additionally, method (ii) is
based on the assumption that the charge carrier photogeneration results in unbend-
ing of energy bands, which causes a shift of electrode potential. At sufficiently high
illumination intensity, the bands become fully unbent; the limiting value of the open-
circuit electrode potential is thus the flat-band potential Efy,.

To compare these methods, in Fig. 40 we show (a) Eo vs. J and (b) jon vs. E plots
for a CVD single crystal thin-film electrode. We see that with increase in illumination
intensity J, the open-circuit potential E,. approaches a limit of 0.7 V, which is close
to the photocurrent onset potential (0.75 V). [The photocurrent density squared vs.
potential dependence for this electrode, although far from linear (unlike that of Fig.
38), by the extrapolation to jy, — 0 gives the potential value of approx. 0.65 V.] It is
concluded that, on the whole, methods (i) and (ii) are in a good agreement and can
be used in the determination of the flat-band potential. Similar results were obtained
with HTHP single crystals.
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9 Conclusions

As evidenced by the foregoing account, the recent decade of intensive studies in the
electrochemistry of diamond resulted in the formation of a self-consistent, if incom-
plete, view of electrochemical behavior of this new electrode material. At the same
time, scatter of data and discrepancies that still exist between the data of different
research groups call for better film quality and their reliable evaluation.

Recent studies revealed great potentialities of the boron-doped diamond elec-
trodes for electroanalytical and environmental-oriented applications.

The very fact of emergence of a new field in electrochemistry is embodied in reg-
ularly held international conferences and symposia concerning the electrochemistry
of diamond [173-178]. A few concise journal articles on the diamond electrochemis-
try were published recently [38, 179].

One may expect that future work on the electrochemistry of diamond should take
two paths, namely, an extensive investigation (search for new processes and applica-
tions of the carbon allotropes in the electrochemical science and engineering) and
intensive one (elucidation of the reaction mechanisms, revealing the effects of crystal
structure and semiconductor properties on the electrochemical behavior of diamond
and related materials). It is expected that better insight into these effects will result in
the development of standard procedures for thin-film-electrodes growth, their char-
acterization, and surface preparation.

It is also felt that some applications, even if to a limited extent, just are around
the corner. Among them probably are corrosion—stable electrodes, like DSA, for the
preparative electrolysis, microelectrodes for sensors and the electroanalytical pur-
poses and electrode arrays for discharging toxic contaminants, among others.

Acknowledgements

The author gratefully acknowledges the contribution of his colleagues, M. D.
Krotova, Yu E. Evstefeeva, I. G. Teremetskaya, and V. P. Varnin to the studies
partly described in this review.

This work was supported in part by the Russian Foundation for Basic Research,
project No. 01-03-32045, and NEDO International Joint Research Grant Program
(project 011MB9).

10 References

1. V. S. Vavilov, A. A. Gippius, E. A. Konorova, Electronic and Optical Processes in Dia-
mond (in Russian), Nauka, Moscow, 1985.

2. The Properties of Natural and Synthetic Diamond, J. Field (ed.), Academic Press,
London and New York, 1992.

3. K. E. Spear, J. Am. Ceram. Soc., 72, 171 (1989).



264

SRR

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
29.

30.

31.
32.

33.

34.

35.
36.

Yuri V. Pleskov

. V. S. Vavilov, Usp. Fiz. Nauk, 167, 17 (1997).

V. S. Vavilov, Usp. Fiz. Nauk, 164, 287 (1994).

. Yu. V. Pleskov, Yu. Ya. Gurevich, Semiconductor Photoelectrochemistry, Consultants

Bureau, New York, 1986.

. M. Iwaki, S. Sato, K. Takahashi, H. Sakairi, Nucl. Instrum. and Methods, 209/210, Pt

10, 1129 (1983).

. S. L. Lee, S. J. Liu, J. Hwang, J. Electrochem. Soc., 141, 291 (1994).
. B. Miller, R. Kalish, L. C. Feldman, A. Katz, N. Moriya, K. Short, A. E. White, J.

Electrochem. Soc., 141, L41 (1994).

J. Robertson, Advances in Physics, 35, 317 (1986).

Yu. V. Pleskov, A. Ya. Sakharova, M. D. Krotova, L. L. Bouilov, B. V. Spitsyn, J.
Electroanal. Chem., 228, 19, (1987).

K. Patel, K. Hashimoto, A. Fujishima, J. Photochem. and Photobiol. A: Chem., 65, 419
(1992).

B. V. Spitsyn, L. L. Bouilov, B. V. Derjaguin, J. Cryst. Growth, 52, 219 (1981).

D. V. Fedoseev, V. P. Varnin, B. V. Derjaguin, Usp. Khimii, 53, 753 (1984).

R. Ramesham, Thin Solid Films, 339, 82 (1999).

J. C. Angus, H. B. Martin, U. Landau, Y. E. Evstefeeva, B. Miller, N. Vinokur, New
Diamond and Frontier Carbon Technol., 9, 175 (1999).

M. Werner, R. Job, A. Zaitsev, W. R. Fahrner, W. Seibert, C. Johnston, P. R. Chalker,
Phys. Stat. Sol. (a), 154, 385 (1996).

H. Masuda, M. Watanabe, K. Yasui, D. A. Tryk, A. Fujishima, Adv. Mater., 12, 444
(2000).

V. P. Novikov, V. P. Dimont, Dokl. Akad. Nauk Belarusi, 40, 60 (1996).

P. Bou, L. Vandenbulcke, J. Electrochem. Soc., 138, 2991 (1991).

K. Hashimoto, Y. Muraki, R. Baba, A. Fuyjishima, J. Electroanal. Chem., 397, 339
(1995).

L.-F. Li, D. A. Totir, N. Vinokur, B. Miller, G. Chottiner, E. A. Evans, J. C. Angus, D.
A. Scherson, J. Electrochem. Soc., 145, L85 (1998).

J. E. Butler (private communication).

P. J. Fallon, L. M. Brown, Diamond and Related Mater., 2, 1004 (1993).

Yu. Pleskov, A. Tameev, V. Varnin, I. Teremetskaya, A. Baranov, Fiz. Tech. Polupro-
vodn., 31, 1142 (1997).

Yu. V. Pleskov, A. R. Tameev, V. P. Varnin, I. G. Teremetskaya, J. Solid State Chem.,
3,25 (1998).

D. M. Malta, J. A. von Windheim, H. A. Wynands, B. A. Fox, J. Appl. Phys., 77, 1536
(1995).

M. Deguchi, M. Kitabatake, T. Hirao, Thin Solid Films, 281-282, 267 (1996).

L. S. Pan, S. Han, D. R. Kania, M. A. Plano, M. 1. Landstrass, Diamond and Related
Mater., 2, 820 (1993).

A. Ya. Sakharova, A. E. Sevastyanov, Yu. V. Pleskov, G. L. Teplitskaya, V. V. Surikov,
A. A. Voloshin, Elektrokhimiya, 27, 263 (1991).

A. E. Ukshe, E. A. Ukshe, Elektrokhimiya, 17, 776 (1981).

N. G. Bukun, A. E. Ukshe, E. I. Moskvina, E. A. Ukshe, Elektrokhimiya, 21, 269
(1985).

G. A. Sokolina, A. A. Botev, L. L. Bouilov, S. V. Bantsekov, O. 1. Lazareva, A. F.
Belyanin, Fiz. Tech. Poluprovodn., 24, 175 (1990).

N. Vinokur, B. Miller, Y. Avygal, R. Kalish, Electrochem. and Solid-State Lett., 1, 265
(1998).

S. Nath, J. I. B. Wilson, Diamond and Related Mater., 5, 65 (1996).

Y. Muto, T. Sugino, K. Kobashi, J. Shirafuji, Japan J. Appl. Phys., Pt. 2, 31, L4
(1992).



37.
38.

39.
40.

41.

42.
43.

44.

45.
46.
47.
48.
49.
50.
S1.
52.
53.
54.
55.
56.
57.
58.
59.

60.
61.

62.

63.

64.

65.

66.

67.

The Electrochemistry of Diamond 265

M. M. Bataineh, D. K. Reinhard, Diamond and Related Mater., 6, 1689 (1997).

H. B. Martin, A. Argoitia, U. Landau, A. B. Anderson, J. C. Angus, J. Electrochem.
Soc., 143, L133 (1996).

G. M Swain, A. B. Anderson, J. C. Angus, MRS Bulletin, 23, 56 (1998).

V. M. Mazin, Yu. E. Evstefeeva, Yu. V. Pleskov, V. P. Varnin, I. G. Teremetskaya, V.
A. Laptev, Elektrokhimiya, 36, 655 (2000).

J. W Strojek, M. C. Granger, G. M. Swain, T. Dallas, M. W. Holtz, Anal. Chem., 68,
2031 (1996).

R. Ramesham, M. F. Rose, Thin Solid Films, 315, 222 (1998).

E. P. Smirnov, O. G. Taushkanova, V. B. Aleskovskii, Dokl. Akad. Nauk SSSR, 290,
901 (1986).

P. E. Pehrsson, M. Marchywka, J. P. Long, J. E. Butler in: Applications of Diamond
Films and Related Materials: Proc. of 3rd Int. Conf., August 21-24, 1995, A. Feldman,
Y. Tseng, W. A. Yarbrough, M. Yoshikawa, M. Murakawa (eds.), Gaitherburg, MD,
USA, 1995, p. 267.

G. M. Swain, J. Electrochem. Soc., 141, 3382 (1994).

G. M. Swain, Adv. Mater., 6, 388 (1994).

Q. Chen, M. Granger, T. E. Lister, G. M. Swain, J. Electrochem. Soc., 144, 3806 (1997).
Z. Peilin, Z. Jianzhong, Y. Shenzhong, Z. Xikang, Z. Guoxiong, Fresenius J. Anal.
Chem., 353, 171 (1995).

R. DeClements, G. M. Swain, J. Electrochem. Soc., 144, 856 (1997).

P. U. Natishan, A. Morrish, Mater. Res., 8, 269 (1989).

I. Garsia, A. Conde, J. J. de Danborenea, A. J. Vazquez, Thin Solid Films, 310, 217
(1997).

R. Ramesham, M. F. Rose, Corrosion Sci., 39, 2019 (1997).

R. Ramesham, M. F. Rose, Diamond Films and Technol., 7, 1 (1997).

C. H. Goeting, F. Jones, J. S. Foord, J. C. Eklund, F. Marken, R. G. Compton, P. R.
Chalker, C. Johnston, J. Electroanal. Chem., 442, 207 (1997).

R. Ramesham, M. F. Rose, Diamond and Related Mater., 6, 17 (1997).

R. Ramesham, M. F. Rose, Thin Solid Films, 300, 144 (1997).

M. J. Marchywka, P. E. Pehrsson, S. C. Binary, D. Moses, J. Electrochem. Soc., 140,
L19 (1993).

M. J. Marchywka, P. E. Pehrsson, D. J. Vestyck, D. Moses, Appl. Phys. Lett., 63, 3521
(1993).

P. E. Pehrsson, J. P. Long, M. J. Marchywka, J. E. Butler, Appl. Phys. Lett., 67, 3414
(1995).

A. T. Howe, J. Electrochem. Soc., 134, 2470 (1987).

A. Ya. Sakharova, Yu. V. Pleskov, F. Di Quarto, S. Piazza, C. Sunseri, S. S. Ger-
asimovich, V. V. Sleptsov, J. Electroanal. Chem., 398, 13 (1995).

A. Ya. Sakharova, Yu. V. Pleskov, F. Di Quarto, S. Piazza, C. Sunseri, S. S. Ger-
asimovich, V. V. Sleptsov, Elektrokhimiya, 32, 1298 (1996).

M. D. Krotova, Yu. E. Evstefeeva, Yu. V. Pleskov, V. V. Elkin, A. M. Baranov, Elek-
trokhimiya, 34, 1039 (1998).

C. Srividia, M. Sunkara, S. V. Babu in: Proc. 5th Int. Symp. on Diamond Materials, J.
L. Davidson, W. D. Brown, A. Gicquel, B. V. Spitsyn, J. C. Angus, (eds.), The Electro-
chemical Society, Pennington, NJ, USA (1998), p. 324.

J. R. Macdonald, W. B. Johnson in: Impedance Spectroscopy, J. R. Macdonald (ed.), J
Wiley, New York, 1987, p.1.

A. Ya. Sakharova, Yu. V. Pleskov, F. Di Quarto, S. Piazza, C. Sunseri, I. G. Ter-
emetskaya, V. P. Varnin, J. Electrochem. Soc., 142, 2704 (1995).

W. P. Kang, Y. Gurbuz, J. L. Davidson, D. V. Kerns, J. Electrochem. Soc., 141, 2231
(1994).



266

68.

69.

70.
71.

72.
73.

74.
75.

76.

71.

78.

79.
80.

81.

82.

83.

84.
85.

86.
87.

88.
89.
90.
91.
92.

93.
94.

95.
96.

97.
98.
99.

Yuri V. Pleskov

J. A. von Windheim, V. Venkatesan, D. M. Malta, K. Das, Diamond and Related Ma-
ter., 2, 841 (1993).

Yu. E. Evstefeeva, M. D. Krotova, Yu. V. Pleskov, V. V. Elkin, V. P. Varnin, I. G.
Teremetskaya, Elektrokhimiya, 34, 1171 (1998).

A. Sakharova, L. Nyikos, Yu. Pleskov, Electrochim. Acta, 37, 973 (1992).

Yu. V. Pleskov, V. Ya. Mishuk, M. A. Abaturov, V. V. Elkin, M. D. Krotova, V. P.
Varnin, I. G. Teremetskaya, J. Electroanal. Chem., 396, 227 (1995).

R. Ramesham, Thin Solid Films, 322, 158 (1998).

Yu. V. Pleskov, V. Ya. Mishuk, M. A. Abaturov, V. V. Elkin, M. D. Krotova, V. P.
Varnin, I. G. Teremetskaya, Elektrokhimiya, 33, 67 (1997).

B. A. Boukamp, Solid State Ionics, 20, 31 (1986).

Yu. V. Pleskov, Yu. E. Evstefeeva, M. D. Krotova, V. V. Elkin, A. M. Baranov,
A. P. Dement’ev, Diamond and Related Mater., 8, 64 (1999).

Yu. E. Evstefeeva, M. D. Krotova, Yu. V. Pleskov, V. A. Laptev, Elektrokhimiya, 35,
138 (1999).

Yu. V. Pleskov, Yu. E. Evstefeeva, M. D. Krotova, V. A. Laptev, Electrochim. Acta, 44,
3361 (1999).

Yu. E. Evstefeeva, M. D. Krotova, Yu. V. Pleskov, V. M. Mazin, V. V. Elkin, V. Ya.
Mishuk, V. P. Varnin, I. G. Teremetskaya, Elektrokhimiya, 34, 1493 (1998).

Z. Hens, W. P. Gomes, Phys. Chem. and Chem. Phys., 1, 3607 (1999).

Yu. V. Pleskov, V. V. Elkin, M. A. Abaturov, M. D. Krotova, V. Ya. Mishuk, V. P.
Varnin, I. G. Teremetskaya, J. Electroanal. Chem., 413, 105 (1996).

K. Honda, T. N. Rao, D. A. Tryk, A. Fujishima, M. Watanabe, K. Yasui, H. Masuda,
J. Electrochem. Soc., 147, 659 (2000).

R. De Levie, in: Advances in Electrochemistry and Electrochemical Engineering, Vol. 6,
P. Delahay (ed.), J. Wiley, New York, 1967, p. 329.

M. A. Abaturov, V. V. Elkin, M. D. Krotova, V. Ya. Mishuk, Yu. V. Pleskov, A. Ya.
Sakharova, Elektrokhimiya, 31, 1214 (1995).

G. Oskam, D. Vanmaekelbergh, J. J. Kelly, J. Electroanal. Chem., 315, 65 (1991).

E. C. Dutoit, R. L. Van Meirhaeghe, F. Cardon, W. P. Gomes, Ber. Bunsenges. phys.
Chem., 79, 1206 (1975).

J. F. McCann, S. P. S. Badwal, J. Electrochem. Soc., 129, 551 (1982).

Yu. V. Pleskov, Yu. E. Evstefeeva, M. D. Krotova, V. V. Elkin, V. M. Mazin, V. Ya.
Mishuk, V. P. Varnin, I. G. Teremetskaya, J. Electroanal. Chem., 455, 139 (1998).

Z. Kerner, T. Pajkossy, J. Electroanal Chem., 448, 139 (1998).

M. C. Granger, G. M. Swain, J. Electrochem. Soc., 146, 4551 (1999).

P. Delahay, New Instrumental Methods in Electrochemistry, Interscience Publishers,
New York, 1954.

Z. Galus, Teoretyczne podstavy elektroanalizy chemicznej, Panstwowe Wydawnictwo
Naukowe, Warsaw, Poland, 1971.

J. Xu, M. C. Granger, Q. Chen, J. W. Strojek, T. E. Lister, G. M. Swain, Anal. Chem.,
69, 591A (1997).

G. M. Swain, R. Ramesham, Anal. Chem., 65, 345 (1993).

Yu. E. Evstefeeva, Yu. V. Pleskov, V. P. Varnin, I. G. Teremetskaya, Elektrokhimiya,
34, 234 (1998).

Y. Maeda, K. Sato, R. Ramaraj, A. Fujishima, Electrochim. Acta, 44, 3441 (1999).

S. Alehashem, F. Chambers, J. W. Strojek, G. M. Swain, R. Ramesham, Anal. Chem.,
67, 2812 (1995).

N. Vinokur, B. Miller, Y. Avyigal, R. Kalish, J. Electrochem. Soc., 143, L238 (1996).
R. Ramesham, M. F. Rose, J. Mater. Sci. Lett., 16, 1693 (1997).

R. Ramesham, Sensors and Actuators B, 50, 131 (1998).



100

101.

102.
103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.
123.

124.

125.

The Electrochemistry of Diamond 267

. S. Yang, J. Zhu, Y. Yao, X. Lu, X. Zhang, Proc. Soc. Photo-Opt. Instrum. Eng., 2364,
562 (1994).
V. Fisher, D. Gandini, S. Laufer, E. Blank, C. Comninellis, Electrochim. Acta, 44, 521
(1998).

A. Neudeck, F. Marken, R. G. Compton, Electroanalysis, 11, (1999).

B. Fausett, M. C. Granger, M. L. Hupert, J. Wang, G. M. Swain, D. M. Gruen, Elec-
troanalysis, 12, 7 (2000).

A. D. Modestov, Yu. V. Pleskov, V. P. Varnin, I. G. Teremetskaya, Elektrokhimiya, 33,
60 (1997).

M. Awada, J. W. Strojek, G. M. Swain, J. Electrochem. Soc., 142, 142 (1995).

J. Wang, G. M. Swain, T. Tachibana, K. Kobashi, J. New Electrode Mater. for Elec-
trochem. Systems, 3, 75 (2000).

C. H. Goeting, F. Marken, A. Gutierrez-Sosa, R. G. Compton, J. S. Foord, New Dia-
mond and Frontier Carbon Technol., 9, 207 (1999).

R. G. Compton, F. Marken, C. H. Goeting, R. A. J. McKeown, J. S. Foord, G. Scars-
brook, R. S. Sussman, A. J. Whitehead, Chem. Commun., 1961 (1998).

C. H. Goeting, J. S. Foord, F. Marken, R. G. Compton, Diamond and Related Mater.,
8, 824 (1999).

A. D. Modestov, Yu. E. Evstefeeva, Yu. V. Pleskov, V. M. Mazin, V. P. Varnin, 1. G.
Teremetskaya, J. Electroanal. Chem., 431, 211 (1997).

J. van de Lagemaat, D. Vanmackelbergh, J. J. Kelly, J. Electroanal. Chem., 475, 139
(1999).

A. M. Kuznetsov, Electrochim. Acta, 13, 1293 (1968).

Yu. V. Pleskov, Yu. Ya. Gurevich, in: Modern Aspects of Electrochemistry, Vol. 16,
B. E. Conway, R. E. White, J. O’'M. Bockris (eds.), Plenum Press, New York, 1985,

% 113.9'Rao, D. A. Tryk, K. Hashimoto, A. Fujishima, J. Electrochem. Soc., 146, 680
%1932;1, H. Notsu, T. Kondo, D. A. Tryk, A. Fujishima, J. Electroanal Chem., 473, 173
gl.gg];).Martin, A. Argoitia, J. C. Angus, U. Landau, J. Electrochem. Soc., 146, 2959
%}.939(?1;0, D. A. Tryk, K. Hashimoto, A. Fujishima, J. Electrochem. Soc., 145, 1870 (1998).

T. Yano, E. Popa, D. A. Tryk, K. Hashimoto, A. Fujishima, J. Electrochem. Soc., 146,
1081 (1999).

N. Katsuki, E. Takahashi, M. Toyoda, T. Kurosu, M. Iida, S. Wakita, Y. Nishiki, T.
Shimamune, J. Electrochem. Soc., 145, 2358 (1998).

N. Katsuki, S. Wakita, Y. Nishiki, T. Shimamune, Y. Akiba, M. Ilida, Jpn. J. Appl.
Phys., 36 (Part 2), L260 (1997).

A. Perret, W. Haenni, P. Niedermann, N. Skinner, C. Comninellis, D. Gandini in: Proc.
Sth Int. Symp. on Diamond Materials, J. L. Davidson, W. D. Brown, A. Gicquel, B. V.
Spitsyn, J. C. Angus, (eds.), The Electrochemical Society, Pennington, NJ, USA (1998),
p. 275.

J. J. Carey, C. S. Christ, S. N. Lowery, US Patent 5399247 (1995).

F. Beck, H. Krohn, W. Kaiser, M. Fryda, C. P. Klages, L. Schaefer, Electrochim. Acta,
44, 525 (1998).

J. W. Glesener, P. M. Natishan, W. E. O’Grady, J. Aiken, A. A. Morrish, Mater. Lett.
37, 138 (1998).

N. Vinokur, B. Miller, Y. Avyigal, R. Kalish in: Proc. 5th Int. Symp. on Diamond
Materials, J. L. Davidson, W. D. Brown, A. Gicquel, B. V. Spitsyn, J. C. Angus (eds.),
The Electrochemical Society, Pennington, NJ, USA (1998), p. 267.



268

126.
127.
128.
129.
130.
131.
132.
133.
134.
135.

136.
137.

138.

139.
140.

141.
142.

143.
144.
145.
146.
147.
148.
149.

150.
151.

152.

153.

154.
155.

156.

Yuri V. Pleskov

V. L. Shapoval, I. A. Novosyolova, V. V. Malyshev, H. B. Kushkhov, Electrochim. Acta,
40, 1031 (1995).

R. DeClements, G. M. Swain, T. Dallas, M. W. Holtz, R. D. Herrik II, J. L. Stickney,
Langmuir, 12, 6578 (1996).

J. Xu, Q. Chen, G. M. Swain, Anal. Chem., 70, 3146 (1998).

M. D. Koppang, M. Witek, J. Blau, G. M. Swain, Anal. Chem., 71, 1188 (1999).

A. Perret, W. Haenni, N. Skinner, X.-M. Tang, D. Gandini, C. Comninellis, B. Correa,
G. Foti, Diamond and Related Mater., 8, 820 (1999).

Z. Wu, T. Yano, D. A. Tryk, K. Hashimoto, A. Fujishima, Chem. Lett., 43 (1998).

R. Tenne, K. Patel, K. Hashimoto, A. Fujishima, J. Electroanal. Chem., 347, 409 (1993).
C. Reuben, E. Galun, H. Cohen, R. Tenne, R. Kalish, Y. Muraki, K. Hashimoto, A.
Fujishima, J. E. Butler, C. Levy-Clement, J. Electroanal. Chem., 396, 233 (1995).

F. Bouamrane, A. Tadjeddine, J. E. Butler, R. Tenne, C. Levy-Clement, J. Electroanal.
Chem., 405, 95 (1996).

P.-A. Michaud, E. Mahe, W. Haenni, A. Perret, C. Comninellis, Electrochem. and Solid-
State Lett., 3, 77 (2000).

N. Vinokur, B. Miller, Y. Avyigal, R. Kalish, J. Electrochem. Soc., 146, 125 (1999).

C. H. Goeting, F. Marken, C. Salter, R. G. Compton, J. S. Foord, Chem. Commun.,
1697 (1999).

L. F. Li, D. A. Totir, B. Miller, G. Chottiner, A. Argoitia, J. C. Angus, D. A. Scherson,
J. Am. Chem. Soc., 119, 7875 (1997).

S. Nakabayashi, D. A. Tryk, A. Fujishima, N. Ohta, Chem. Phys. Lett., 300, 409 (1999).
F. Bouamrane, A. Tadjeddine, R. Tenne, J. E. Butler, R. Kalish, C. Levy- Clement, J.
Phys. Chem. B, 102, 134 (1998).

J. Zhu, D. Lu, G. Zhang, J. Shanghai Univ., 2, 311 (1998).

A. J. Saterlay, C. Agra-Gutierrez, M. P. Taylor, F. Marken, R. G. Compton, Electro-
analysis, 11, 1083 (1999).

M. C. Granger, J. Xu, J. W. Strojek, G. M. Swain, Anal. Chim. Acta, 397, 145 (1999).
T. E. Lister, J. W. Strojek, G. M. Swain in: Proc. 5th Int. Symp. on Diamond Materials,
J. L. Davidson, W. D. Brown, A. Gicquel, B. V. Spitsyn, J. C. Angus, (eds.), The Elec-
trochemical Society, Pennington, NJ, USA (1998), p. 377.

P. von Huth, R. Tenne, Abstracts, The Second International Mini-Symposium on Dia-
mond Electrochemistry and Related Topics, June 8-9, 1998, Tokyo, Japan, p. S4.

S. Jolley, M. Koppang, T. Jackson, G. M. Swain, Anal. Chem., 69, 4099 (1997).

J. Xu, G. M. Swain, Anal. Chem., 70, 1502 (1998).

E. Popa, H. Notsu, T. Miwa, D. A. Tryk, A. Fujishima, Electrochem. and Solid-State
Lett., 2, 49 (1999).

A. Fujishima, T. N. Rao, E. Popa, B. V. Sarada, I. Yagi, D. A. Tryk, J. Electroanal.
Chem., 473, 179 (1999).

J. B. Cooper, S. Pang, S. Albin, J. Zheng, R. M. Johnston, Anal. Chem., 70, 464 (1998).
B. V. Sarada, T. N. Rao, D. A. Tryk, K. Hashimoto, A. Fujishima, J. Electrochem. Soc.,
146, 1469 (1999).

F. Bouamrane, W. Kautek, M. Sahre, A. Tadjeddine, E. Rzepka, C. Levy-Clement in:
Proc. 5th Int. Symp. on Diamond Materials, J. L. Davidson, W. D. Brown, A. Gicquel,
B. V. Spitsyn, J. C. Angus, (eds.), The Electrochemical Society, Pennington, NJ, USA
(1998), p. 309.

J.-M. Moon, S. Park, Y.-K. Lee, G. S. Bang, Y.-K. Hong, C. Park, 1. C. Jeon, J. Elec-
troanal. Chem., 464, 230 (1999).

K. I. Schiffmann, Mikrochim. Acta, 125, 107 (1997).

Yu. E. Evstefeeva, L. A. Khanova, Yu. V. Pleskov, A. M. Baranov, Elektrokhimiya, 35,
1277 (1999).

V. F. Dorfman, Thin Solid Films, 212, 267 (1992).



157

158.

159.

160.
161.
162.
163.
164.
165.
166.

167.
168.

169.

170.
171.

172.

173.

174.

175.

176.

177.

178.

179

The Electrochemistry of Diamond 269

. M. Sunkara, M. Wadsborn, E. Yeap, V. Ralchenko, B. N. Pypkin, M. L. Shubekin, S. V.
Babu in: Proc. 5th Int. Symp. on Diamond Materials, J. L. Davidson, W. D. Brown, A.
Gicquel, B. V. Spitsyn, J. C. Angus, (eds.), The Electrochemical Society, Pennington, NJ,
USA (1998), p. 297.

M. K. Sunkara, H. Chandrasekaran, P. Koduri, New Diamond and Frontier Carbon
Technol., 9, 407 (1999).

Yu. V. Pleskov, M. D. Krotova, V. I. Polyakov, A. V. Khomich, A. I. Rukovishnikov,
B. L. Druz, 1. Zaritskiy, Proc. Int. Conf. of the Mater. Res. Soc., Nov. 1999, Boston,
Mass.

Yu. V. Pleskov, M. D. Krotova, V. L. Polyakov, A. V. Khomich, A. I. Rukovishnikov,
B. L. Druz, 1. Zaritskiy, Elektrokhimiya, 36, no. 9 (2000).

A. Gill, Diamond and Related Mater., 8, 428 (1999).

K. Yoo, B. Miller, R. Kalish, S. Xu, Electrochem. and Solid-State Lett., 2, 233 (1999).
L. Boonma, T. Yano, D. A. Tryk, K. Hashimoto, A. Fujishima, J. Electrochem. Soc.,
144, 1142 (1997).

Yu. V. Pleskov, V. P. Varnin, I. G. Teremetskaya, A. V. Churikov, J. Electrochem. Soc.,
144, 175 (1997).

A. Ya. Sakharova, Yu. V. Pleskov, F. Di Quarto, S. Piazza, C. Sunseri, I. G. Ter-
emetskaya, V. P. Varnin, Elektrokhimiya, 31, 188 (1995).

S. Yoshihara, K. Shinozaki, T. Shirakashi, K. Hashimoto, D. A. Tryk, A. Fujishima,
Electrochim. Acta, 44, 2711 (1999).

Yu. V. Pleskov, J. Chem. Vapor Depos., 5, 126 (1996).

Yu. V. Pleskov, A. Ya. Sakharova, A. V. Churikov, V. P. Varnin, I. G. Teremetskaya,
Elektrokhimiya, 32, 1164 (1996).

I. Yagi, K. Tsunosaki, D. A. Tryk, A. Fujishima, Electrochem. and Solid-State Lett., 2,
457 (1999).

A. Pinkowski, U. Stimming, J. Winter, J. Electrochem. Soc., 136, 1849 (1989).

Yu. V. Pleskov, A. Ya. Sakharova, E. V. Kasatkin, V. A. Shepelin, J. Electroanal.
Chem., 344, 401 (1993).

Yu. V. Pleskov, V. M. Mazin, Yu. E. Evstefeeva, V. P. Varnin, I. G. Teremetskaya,
V. A. Laptev, Electrochem. and Solid-State Lett., 3, 141 (2000).

Abstracts, The International Mini-Symposium on Diamond Electrochemistry and Re-
lated Topics, March 17-18, 1997, Tokyo, Japan.

Abstracts, The Second International Mini-Symposium on Diamond Electrochemistry
and Related Topics, June 8-9, 1998, Tokyo, Japan.

Abstracts, The Third International Mini-Symposium on Diamond Electrochemistry and
Related Topics, June 7-8, 1999, Tokyo, Japan.

Abstracts, 4™ International Mini-Symposium on Diamond Electrochemistry and Related
Topics, May 31-June 1, 2000, Tokyo, Japan.

Abstracts, The International Conference “The Electrochemistry of Carbon Allotropes:
Graphite, Fullerenes and Diamond”, October 20-27, 1997, Cleveland, OH, USA.

3" Workshop “Diamond Electrodes”, May 11-12, 2000, Neuchatel, Switzerland.

. R. Tenne, C. Levy-Clement, Israel J. Chem., 38, 57 (1998).



Advances in Electrochemical Science and Engineering, Volume 8. Edited by Richard C. Alkire
Copyright © 2002 Wiley-VCH Verlag GmbH & Co. KGaA
ISBNs: 3-527-30211-5 (Hardback); 3-527-60078-7 (Electronic)

Passivity of Metals

Hans-Henning Strehblow

Institut fiir Physikalische Chemie und Elektrochemie, Heinrich-Heine-Universitét
Diisseldorf, Universitdtsstr. 1, D-40225 Diisseldorf, Germany

List of Contents

I INtrodUCtion . .. ...ttt et e e e e e 274
2 Thermodynamics of Passivation. .. ..........c.uuiiiiuinee it eann.. 276
3 Kinetics of Processes at the Passivated Electrode Surface................................ 280
3.1 Film Growth Laws and the High Field Mechanism............................. ... 283

4 Analytical Methods and their Application to Passivity and Corrosion ..................... 286
4.1 Electrochemical Methods . .. ... ... e 286
4.2 Ex Situ Surface Analytical Methods. ....... ... . ... .. . 289
4.2.1 Electrochemical Specimen Preparation and Transfer into the UHV............. 290

4.2.2  TON SPECLIOSCOPIES. -« « v vt e ettt e e e et ettt e e e et e e e 292

4.2.3  Electron SPeCtrOSCOPIES . . . v e v v vttt ettt et e et 294

424 XPSData Evaluation. ........ ... .. 300

4.2.5 UPS MEaSUICMENLS. . . . ..ottt t ettt et ettt e e et e et e e 301

4.2.6 XPS-, ISS- and RBS-Depth Profiling . ............. . ... i, 302

5 Chemical Composition of Passive Layers .......... ...t 302
5.1 Pure Metals . ..o 304
SL L IEOM. oo 304

512 Cobalt. ..o 306

513 COPPT - ettt 308

514 Chromium . ......o.. 309

S5 NICKeL . L oo 310

5.2 BINAry ALlOYS. . . oottt e 312
52,1 FeCr ALlOYS . . oo oottt e e 312

522 Fe/NIALOYS . oottt et e 318

5.2.3 NI/Cr ALIOYS . .o ve ettt 319

524 Fe/ALAIOYS ..ottt e 322

5.2.5 Fe/STANOYS. .« oottt 324

526 Cu/NiAIOYS . .. oo o e 326

527 AlCUANOYS .« oot 326

6 Electronic Properties of Passive Layers ... .........ouuintetiiin i, 329
6.1 Electronic Properties of Various Passive Oxides . ..., 330
6.2 Electronic Properties of Cu,O and of the Cu,O/CuO, Cu(OH), Duplex Layer ......... 336

7 The Structure of Passive Layers . .. ...t 343
7.1 Synchrotron Methods in Corrosion Research ................. ..., 344
7.1.1 XASand RefleXAS . ... 345

7.1.2 X-Ray Diffraction. . ...t e 354

7.2 Scanning methods, STM and SFM. .. ... . 356
7.2.1 ThePassive Layer on CU .. ....ootti ettt e 357

7.2.2  Mechanism of STM-Imaging of Anodic Oxideson Cu ....................... 364

7.2.3 Passive Layerson Niand Cr..........cooiiiiiiiinnniiiiie e 367



272

8 Breakdown of Passivity
9 Concluding Remarks
10 References

Hans-Henning Strehblow

List of Abbreviations

4;
AES
ARXPS

Cy
CMeA, ox

COX
CB

dsc

EXAFS

FEFF
FT

AGy!

iph
iQ

amplitude of coordination shell j
Auger Electron Spectroscopy

angular resolved XPS

capacity

capacity of Helmholtz layer

capacity of metal/oxide interface
capacity of oxide layer

conduction band

thickness

thickness of space charge layer
elementary charge

electrode potential

binding energy

Potential within bulk of semiconductor
energy of conduction band edge

Fermi energy

flatband potential

Flade potential

band gap energy

ionization energy of level i

inhibition potential

kinetic energy

passivation potential

pitting potential

potential at surface of semiconductor
energy of valence band edge

efficiency of metal dissolution

energy of tunnel barrier

Extended X-ray Absorption Fine Structure
Faraday constant

reflection amplitude of coordination shell j
program for calculation of EXAFS
Fourier Transform

Gibbs free energy

free activation energy (enthalpy)

free activation energy including potential drop
Planck’s constant

photon energy

Boltzmann constant or wave vector
current density

corrosion current density

stationary corrosion current density
stationary corrosion current density for pH 0
exchange current density

current density of layer formation

disc current density

photocurrent density

ring current



Passivity of Metals 273

ISS Ion Scattering Spectroscopy

m, M mass, molar mass

m* effective mass of electron

N concentration of ions or charge carriers
Ny concentration of acceptors

Np concentration of donors

N; coordination number of shell j

n(E) complex refraction index

PICS photo ionization cross-section

0 electric charge

R gas constant

R; radius of coordination shell j

R(E) reflectivity

Ry(E) reflectivity without oscillatory part

RBS Rutherford Backscattering Spectroscopy
RefIEXAFS EXAFS in reflection mode

RRD rotating ring disc electrode

HMRRD hydrodynamically modulated rotating ring disc electrode
SFM Scanning Force Microscopy

SHE Standard Hydrogen Electrode (£ =0 V)
SIMS Secondary Ion Mass Spectroscopy

STM Scanning Tunneling Microscopy

T temperature

Tr Transmission function of energy analyzer
Vi molar volume

VB valence band

wy tunnel probability

X intensity of X-ray source

X; cationic or anionic fraction of species i
XANES X-ray Absorption Near Edge Structure
XAS X-ray Absorption Spectroscopy

XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction

Z charge of ions

List of Symbols

o absorption or charge transfer coefficient

p Debye length

P(E)  imaginary part of refraction index
Po(E) mnon-oscillatory part of f(E)
AP(E) oscillatory part of S(E)

4 jump distance

J(E)  real part of diffraction index

Jo non-oscillatory part of 6(E)

AJ(E) oscillatory part of 6(E)

£,&) dielectric constant, index 0 in vacuum

15 3 overvoltage at oxide/electrolyte interface

n photocurrent efficiency

Agp potential drop, index: 1,2 metal/oxide, 2,3 oxide/electrolyte, ox oxide, H Helmholtz layer, SC

space charge layer
(0% photon flux
e®r,  theshold energy
e®d,, work function



274 Hans-Henning Strehblow
1 Introduction

Corrosion is the degradation of materials because of their interaction with the envi-
ronment. Any materials may be affected, among them semiconductors and even
polymers. The aggressive environment may be the gas phase or an aqueous or non-
aqueous electrolyte. The losses due to corrosion are enormous. Almost 3.5 % of the
gross national product is lost by corrosion, a third of which can be avoided by the
application of the present knowledge of corrosion research. For any field of industry
and the everyday life, corrosion may cause serious damage, as e.g. large con-
structions in various plants, road constructions, houseware and even metallic films
on integrated electronic circuits. Most metals are reactive in an oxidizing environ-
ment and thus are not chemically stable and their surface has to be protected. A very
effective protection is the formation of passivating surface layers. They cover many
metal surfaces as poreless continuous films, which block effectively the dissolution of
the metallic substrate. Usually these layers are thin invisible oxide films of up to a few
nm in thickness. The formation of these oxide films causes a characteristic polariza-
tion curve of metals, as depicted in Fig. 1. Metal dissolution starts when the Nernst
equilibrium potential is exceeded. The related current density passes through a max-
imum, which may reach several 100 mA cm~? depending on the metal and the elec-
trolyte composition (pH). For further potential increase, it drops by many orders of
magnitude at the passivation potential (Ep). Within the adjacent passive potential
range the stationary corrosion current density is only a few pA cm~2 or even less. In
the transpassive potential range the current density increases again due to the for-
mation of higher valent metal ion species, which dissolve faster. A well-known ex-
ample is the formation of soluble chromates and dichromates on passive chromium
and of Ni** at positive potentials. Furthermore, the current density increases due to
the evolution of oxygen or the oxidation of other redox species within the electrolyte

active passive transpassive
A
1 pitting
o 7] a) Cr, Ni
e b) Fe
&’ ¢) valve metals
Ry Al, Ti, Ta, Zr, Hf
g )
S a /
b) c
104 —_— .
>
EPit EI
E/V

Fig. 1. Polarization curve of metals with active, passive and (a) transpassive potential range including
oxygen evolution; (b) passive potential range going directly to oxygen evolution; (c) continuing passivity
for valve metals to very positive potentials. Pitting between critical pitting Ep;; and inhibition potential E;
in the presence of aggressive anions and inhibitors.
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related to the semiconducting properties of the passive layer. If the passive layer is a
semiconductor with a large band gap or an insulator the passive range may extend to
more than 100 volts as for the so-called valve metals like Al, Nb, Ta, Ti, Zr, Hf and
others. Their passive layers may grow with the potential to more than 100 nm in
thickness.

It should be mentioned that passive layers are not protective in all environments.
In the presence of so-called aggressive anions, passive layers may break down locally,
which leads to the formation of corrosion pits. They grow with a high local dissolu-
tion current density into the metal substrate with a serious damage of the metal
within very short time. In this sense halides and some pseudo halides like SCN™ are
effective. Chloride is of particular interest due to its presence in many environments.
Pitting corrosion starts usually above a critical potential, the so-called pitting poten-
tial Epy. In the presence of inhibitors an upper limit, the inhibition potential E; is
observed for some metals. Both critical potentials define the potential range in which
passivity may break down due to localized corrosion as indicated in Fig. 1.

Passivity of metals is a phenomenon that has been known for many years. H.
Uhlig describes in his review on the history of passivity [1] that M. Lomonosov was
the first who observed, in 1738, the lack of dissolution of Fe in concentrated nitric
acid [2]. W. Ostwald mentioned in his history of electrochemistry [3] that J. Keir
authored in 1790 the passivity of iron in nitric acid [4], and C. Wenzel made a similar
observation in 1782 according to Gmelin [5]. In 1807 W. Hiesinger and J. Berzelius
found that passivity could be achieved by anodic polarization [5]. This result was
confirmed in 1836 by C. Schonbein for iron anodized in diluted nitric, sulphuric and
phosphoric acid [6]. M. Faraday’s correspondence with Schonbein confirmed the
galvanic nature of passivity and he speculated already on the presence of a protecting
film at the metal surface, assumed to be an electronic conductor as a result of his
experiments [7]. Since these early investigations, passivity has been examined ex-
tensively by many groups, this because of its technical importance. Eight interna-
tional conferences have been dedicated to passivity. Decisive progress has been made
up to now due to the application of various methods that have been developed with
time. In the 1950s and 1960s, electrochemical methods were applied predominantly,
including electrode kinetics. Optical methods like ellipsometry and reflection spec-
troscopy were applied in the late 1960s and ex situ surface analytical methods like X-
ray Photoelectron Spectroscopy (XPS) Auger Electron Spectroscopy (AES) and Ion
Scattering Spectroscopies (ISS and RBS) were applied from the 1970s to 1980s up to
the present time to learn about the chemistry of these films. For about 15 years,
structure-sensitive in situ methods, like Scanning Tunneling (STM) and Scanning
Force Microscopy (SFM), and the application of synchrotron radiation for X-ray
Absorption Spectroscopy (XAS) and X-ray Diffraction (XRD), provided in situ in-
formation on the structure of these films. These methods brought progress to the
understanding of the structure and properties of these films and opened further pos-
sibilities to investigate mechanistic details on their formation and degradation down
to a mesoscopic, or even an atomic, level. Their continuing application promises to
provide further insight and to give answers to still many open questions.

The present paper intends to review the main experimental results and theoretical
concepts of passivation and passivity of metals, rather than giving a full compilation
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of all details of the various systems. The main topics discussed include the growth
and composition of passive layers, their structure and electronic properties, and their
breakdown with a restricted number of examples. The specific properties of binary
alloys are added in separate chapters. It is intended to show that the application
of electrochemical and spectroscopic methods in close combination gives a reliable
insight into the passive behavior of the metals leaving as little as possible reason for
speculation. A short description of the most important analytical methods with spe-
cial attention to their application to the study of passivated metal surfaces is given.

2 Thermodynamics of Passivation

H.H. Uhlig defines passivity in his historical review [1, 8] by two closely linked
definitions:

1. A metal is passive if it substantially resists corrosion in a given environment
resulting from marked anodic polarization.

2. A metal is passive if it substantially resists corrosion in a given environment de-
spite a marked thermodynamic tendency to react.

These definitions imply both factors for chemical or electrochemical reactions, i.e.
the thermodynamical or equilibrium conditions and the kinetic conditions. Appar-
ently passivity blocks corrosion, despite the large thermodynamic driving force for
the oxidation of most metals which is a consequence of a negative Gibbs free energy
AG or a sufficiently high electrode potential E, both of which are closely related
(AG = —zFE). The weak solubility of anodic oxides, especially in neutral and
alkaline electrolytes, causes the formation of protective layers that are in dissolution
equilibrium with the contacting electrolyte. On the other hand, slow kinetics of the
dissolution of anodic oxides lead similarly to a stable metal surface with an almost
negligible corrosion rate. Thus, both factors, thermodynamics and kinetics, have to
be taken into account in order to get the right interpretation of the observed behav-
ior. Thermodynamic data have been compiled for almost all elements in the form of
potential-pH diagrams, so called Pourbaix diagrams [9]. Figs. 2 and 3 give two ex-
amples that demonstrate their usefulness, but also the danger of misinterpretation if
kinetic factors are neglected.

Copper follows the predictions of its diagram. For this seminoble metal, the
potential has to be sufficiently positive to get anodic oxidation. In acidic electrolytes
this causes anodic dissolution, and the oxide layers dissolve sufficiently fast so that
they are non-protective. For pH > 5.0 these oxides are insoluble, i.e. they are in dis-
solution equilibrium with the electrolyte. Passivity is achieved when oxide formation
occurs at sufficiently positive potentials according to the reactions of Egs. (1) and (2).

Me +nH,0 — MeO, +2nH" + 2ne” (1)
MeO, + xH,O — MeO,,. + 2xH' +2xe” (2)
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Fig. 2. Potential pH diagram after M. Poubaix for Cu with stability range for Cu;O and CuO. Experi-
mental oxide formation potential for Cu,O and CuO dark dashed line, a) Hy/H*, b) H,O/O; electrode [9].

Fig. 2 distinguishes the domains of immunity, corrosion and passivity. At low pH
corrosion is postulated due to an increased solubility of Cu oxides, whereas at high
pH protective oxides should form due to their insolubility. These predictions are
confirmed by the electrochemical investigations. The potentials of oxide formation as
taken from potentiodynamic polarization curves [10] fit well to the predictions of the
thermodynamic data if one takes the average value of the corresponding anodic and
cathodic peaks, which show a certain hysteresis or irreversibility due to kinetic
effects. There are also other metals that obey the predictions of potential-pH dia-
grams like e.g. Ag, Al, Zn.

There is a second group of metals like Fe, Cr, Ni and their alloys, which do not
follow all predictions of their potential-pH diagrams. As an example, the Pourbaix
Diagram for iron of Fig. 3 predicts corrosion for all potentials in strongly acidic
electrolytes. However, experiments show that it is passive for potentials above a po-
tential of Ep = 0.58 — 0.059 pH. For these conditions the passive layer is far from
any dissolution equilibrium and its protecting properties have to be related to its slow
dissolution kinetics. The same arguments hold for the passivation of Cr, Ni and their
alloys.
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Fig. 3. Potential pH diagram after M. Pourbaix for Fe with stability range of its oxides, experimental
passivation potential in acidic electrolytes dark dashed line, (a) H,/H™; (b) H,O/O, electrode [9].

The passivation potential Ep of iron in acidic electrolytes is much too positive to
be related to the formation of an oxide on a metal according to Eq. (1). The ther-
modynamical values yield for all three iron oxides FeO, Fe;O4 and Fe,Os a very
similar value of ca. Ep = —0.05 —0.059 pH/V (Ep(0) for FeO: —0.06 V, Fe;O4:
—0.040 V, Fe;O3: —0.015 V) [10]. These values are found experimentally in alkaline
solutions where these oxides are in dissolution equilibrium with the electrolyte, a
requirement of the potential-pH diagrams. The positive values in strongly acidic
electrolytes are interpreted by the oxidation of Fe;O4 to yp-Fe,Os according to
Eq. (2), i.e. passivity is related to the formation of an outer layer of slowly dissolv-
ing y-Fe,0s3. The thermodynamic data for Eq. (2) yield the experimental value of
Ep(0) = 0.58 V for pH 0. Furthermore Fe;Oy is the only oxide in equilibrium with
iron metal. It is dissolving with a high rate in acidic electrolytes so that it is not pro-
tective by itself and may even not be detected by electrochemical charging curves in
0.5 M H,SOy4 [10]. Only the intermediate adsorption of OH~ or O~ could be de-
tected [11]. XPS investigations confirmed this interpretation on the basis of thermo-
dynamic arguments [12]. According to these measurements the passive layer consists
of an inner Fe;O4 and an outer Fe,O; layer. For both oxides an inverse spinel
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Fig. 4. Schematic diagram of passive metals with electrode reactions: (1) Metal corrosion; (2) film forma-
tion; (3) redox reactions with electron transfer to or from metal substrate; (4a,b) complex formation and
enhanced dissolution in the passive state.

structure has been proposed. They are miscible and thus change continuously from
one composition to the other. A duplex or multilayer structure is found for passive
layers of many other pure metals and alloys, as will be discussed in section 5 page
303.

Fig. 4 shows a simple phase diagram for a metal (1) covered with a passivating
oxide layer (2) contacting the electrolyte (3) with the reactions at the interfaces and
the transfer processes across the film. This model is oversimplified. Most passive
layers have a multilayer structure, but usually at least one of these partial layers has
barrier character for the transfer of cations and anions. Three main reactions have to
be distinguished. The corrosion in the passive state involves the transfer of cations
from the metal to the oxide, across the oxide and to the electrolyte (reaction 1). Itis a
matter of a detailed kinetic investigation as to which part of this sequence of re-
actions is the rate-determining step. The transfer of O>~ or OH~ from the electrolyte
to the film corresponds to film growth or film dissolution if it occurs in the opposite
direction (reaction 2). These anions will combine with cations to new oxide at the
metal/oxide and the oxide/electrolyte interface. Finally, one has to discuss electron
transfer across the layer which is involved especially when cathodic redox processes
have to occur to compensate the anodic metal dissolution and film formation (reac-
tion 3). In addition, one has to discuss the formation of complexes of cations at the
surface of the passive layer, which may increase their transfer into the electrolyte and
thus the corrosion current density (reaction 4). The scheme of Fig. 4 explains the in-
teraction of the partial electrode processes that are linked to each other by the elec-



280 Hans-Henning Strehblow

troneutrality condition. The processes at the oxide/electrolyte interface are submitted
to the same potential drop Ag, 5, which in turn is determined by their equilibria and/
or kinetics. The passivation potential for most metals follows a —0.059 pH depen-
dence. This is expected from the thermodynamic data of oxide formation as deduced
also from Pourbaix diagrams. On the other hand, passivity is observed frequently for
metals far from any dissolution equilibrium as for Fe, Cr, Ni in strongly acidic elec-
trolytes. The slow dissolution of cations according to reaction 1 of Fig. 3 is appar-
ently a consequence of the high activation energy for this reaction. In the case of
stationary conditions the formation of cations at the metal/oxide interface and their
transfer across the film is balanced by their dissolution. This situation leads conse-
quently to equilibrium for reaction 2. The oxide thickness will remain unchanged and
thus oxide and O~ formation does not occur. This equilibrium causes a pH depen-
dence of the potential drop of Ap, 3 according to Eq. (3), which enters the electrode
potential, i.e. the potential difference between the passivated metal and the standard
hydrogen electrode. A, 5(0) is the potential drop for an electrolyte of pH 0.

H,0 «— O°" +2H" +2¢”
A(PzA,s = A¢2,3(0) — (RT/2F) 1n(a2H+) = A(P273(0) —0.059 pH (3)

For instationary conditions of the passive layer, i.e. if layer formation occurs and
O will be formed, Ag, 5 will deviate from its equilibrium value by an overpotential
1, 3. These kinetic parameters of a complicated system as the passivated metal sur-
face will be discussed in the next section.

3 Kinetics of Processes at the Passivated Electrode
Surface

The potential drop at the phase boundaries and its influence on the reaction rates of
Fig. 4 has been subject to various investigations. Iron in acidic electrolytes is an
interesting system because its stationary passive current density i., is potential-
independent (Fig. 5) although it changes with the electrolyte composition, i.e. the pH
and the kind of anions. This is not the case for Ni, whose i, ; changes continuously in
the passive potential range and increases with a peak in the transpassive potential
range. This variation has been ascribed to the change of the composition of the sur-
face of the passive layer [13]. Small changes of the oxidation state of the oxide may
lead to a variation of the potential drop Ag, ; and thus to a change of the transfer
rate of cations. The postulated presence of Ni** ions and their transfer into the elec-
trolyte has still not been confirmed in acidic electrolytes. These ions decompose
within the electrolyte apparently too fast to be detected by a rotating Pt-ring Ni-disc
electrode. On the other, hand they are found by XPS within the passive layer in
alkaline solution [14]. This is expected, since NiOOH is known to be the oxidized
form of a layer on the Ni electrode of accumulators in alkaline solution. Similarly the
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Fig. 5. Polarization curves of 3 passivating metals, Fe, Ni, Cr in 0.5 M H,SOj,.

oxidation of Cr3* ions of the passive layer on chromium to Cr(VI), i.e. to soluble
CrO4%~ in alkaline solution or Cr,O;%~ in acidic environment (Fig. 5), causes the
increase to the transpassive dissolution before oxygen evolution. Because of the not
too complicated situation of passive iron, its properties have been studied in detail in
the past. Relating the pH dependence of its experimentally determined stationary
passive current density to the potential drop Ag, ; and thus to the pH of the electro-
lyte according to Eq. (3) one obtains the Butler—Volmer equation (4) for the cation
transfer. i%, ; is the exchange current density of the dissolution process 3 of Fig. 4
and i. (0) the stationary current density at pH 0. With z = +3 for the Fe’* ions
dissolving in the passive state and the experimental value for the pH dependence of
the stationary corrosion current density one obtains a charge transfer coefficient
o = 0.28 according to Eq. (5).

ic,s = ioc,s exp[(aZFA(p2,3,x)/(RT)] (4)
ic.s = i 5(0) exp[—az pH]/2.303] (4a)
ic5(0) = iOC,s eXp[(“ZFA(ﬂZ,3,5(0))/(RT)] (4b)
dlogi./dpH = —30 = —0.84 (%)

For unstationary conditions Eq. (4) is rewritten with the current density /. and a
potential drop at the oxide/electrolyte interface that contains the overvoltage 7, 5
as usual for electrode processes, Ap, 3 = Ap, 5 (+ 1, 3. As a consequence a factor

exp(a * xzFn, 3/RT) enters Egs. (4a) and (4b), which yields Eq. (6) for the over-
voltage as a function of the corrosion current density.

’72,3 = (002/0{) log it‘ - (002/0() IOg ic,s (6)
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The rate of layer formation is subject to the same overvoltage at the surface of the
passive film. As a consequence, the log of the current density of layer formation 7 is
proportional to the overvoltage 7, 3, as well as to log i ;. These details have been
studied in detail by Vetter and Gorn [16]. The dissolution rate has been investigated
by analysis of the solution with colorimetry of the red complex of Fe’* with SCN~
[17] or with the rotating ring disc technique (RRD) [18].

Potentiostatic transients lead to an increase of both partial current densities i, g
and i;. The necessary transfer of cations and anions across the passive layer has
to occur by migration within the high electric field strength of the passive film. For
stationary conditions the cation transfer equals the dissolution rate at the oxide/
electrolyte interface. For unstationary conditions a higher cation transfer has to
compensate for the increased corrosion reaction, but also for the layer formation.
This in turn becomes possible due to higher electrical field strength within the film
(Fig. 6). For potentiostatic conditions the growth of new layer causes a decrease of
the field strength with time until it assumes the same value again for the new steady
state. Ap, ; assumes then the stationary value again as given by the equilibrium of
Eq. (3) and the total potential increase is located within the passive film. This in turn
causes a linear growth of the stationary oxide thickness with potential.

Potential ¢

Metal 1 : Oxide 2 Electrolyte 3

thickness d

Fig. 6. Potential diagram for passivated metals for steady and unsteady conditions with an overvoltage #, 3
at the oxide/electrolyte interface leading to increased dissolution and oxide growth of d; to d» where a new
stationary state is reached.
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3.1 Film Growth Laws and the High Field Mechanism

According to the discussion of Fig. 4 the total current density consists of a corrosion
part i, and a layer formation part #;. If one may determine i, separately, e.g. with a
rotating ring disc electrode, i permits the determination of i; = i — i.. In several cases
i. is very small so that i equals approximately i;. Within the passive layer, cations
and anions may all migrate. There has been some activity especially for valve metal
with thick anodic oxide layers to determine the transference numbers for the ions
within the film. Some surface analytical methods permit determination of where new
oxide is grown in addition to a pre-existing film, at the metal surface or at the oxide/
electrolyte interface. For this purpose new oxide may be grown in aqueous solutions
enriched with the isotope O'® with a subsequent secondary ion mass spectroscopic
(SIMS) depth profile. Xenon implantation into a pre-existing oxide layer and further
anodic oxide growth has been used to determine the position of the noble gas tracer
within the film using Rutherford Backscattering (RBS) techniques, thus demonstrat-
ing where the new oxide has formed. In most cases the new anodic oxide was grown
at both interfaces with a transference number close to 0.5 for both cations and anions
[19-21]. Crystalline oxides on zirconium and hafnium suppress almost completely
the migration of cations, which has been ascribed to an effective migration of O~
along grain boundaries [20].

The formation of new oxide requires ionic transfer at the metal/oxide and oxide/
electrolyte interface and across the layer. The kinetics of film growth may be ruled by
any of these processes and their activation energy determines the rate-determining
step. The transfer rates have to compensate each other to conserve electroneutrality.
For all three processes the flux density of ions dN/dx and the related current density
i; yields a Butler—Volmer type kinetic equation. Because of the presence of an elec-
trical field strength of several 10° V cm™! within the passive layer, but also at the
interfaces, the high field mechanism should dominate the ion transfer across the film
and at these interfaces (Fig. 6). Thus, cations will migrate towards the electrolyte and
anions like O?~ in the opposite direction. The high field strength will suppress any
inward migration of cations or outward migration of anions. The following discus-
sion for the ion transport across the film will be similar to that at the interfaces and
thus will lead to the same final equation. The ionic flux density of ions per unit
surface area dN/dt is given by Eq. (7) [22]. The frequency factor v is in the order of
oscillations of ions within a crystal lattice of ca. 10'3 s™!. N is the concentration
of the ions in an energetically favored position as interstitials or sites close to vacan-
cies, which favors their transfer to another position in its direct vicinity with the jump
distance 0. These parameters should depend strongly on the atomic structure of the
anodic films. As they are usually highly defective or even amorphous their values
should be seen as an average. An evaluation of the electrochemical data of oxide
growth yields reasonable values. The ion migration within the passive layer re-
quires the Free Activation Energy AG*, which is modified by the electrical work
azFAp,0/d. o is a symmetry factor corresponding to the charge transfer coefficient
for charge transfer processes at electrode surfaces. It describes that part of the po-
tential drop along the jump distance ¢ which is kinetically effective, i.e. which may
reduce the Free Activation Energy AG7*( (Fig. 7). Its value is usually close to 0.5.
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Fig. 7. Diagram of Gibbs free energy AG for the ion transfer through a passive layer with a Free Activa-
tion energy AG between two favoured sites for anions (interstitials or vacancies) under the influence of a
high electrical field strength and without field (horizontal curve) explaining the high field mechanism for
oxide growth.

Agp, is the potential drop within the layer, d the layer thickness and thus Ag,/d the
electrical field strength within the layer. Applying Faraday’s law, one obtains the
current density of layer formation #; of Eq. (8) which sums up several parameters in
the exchange current density 7;° (Eq. (8c)). The experimental investigation of layer
formation yields thus in many cases an exponential relation (8a). £ — Ep is the devi-
ation from the critical potential of passivation Ep, the major part of which is located
within the layer. For unstationary conditions part of it will appear as an over-
potential at the interfaces.

dN /dt = Nov exp(—AG”/RT) (7)
AG” = AG”( — (0zFAp,6/d) (7a)
i = zF dN /dt = i)° exp(azF Ay / RTd) (8)
i = ;" exp[ B(E — E,)/d] (8a)
B = azF5/RT (8b)
i)’ = zFNov exp(—AG” o /RT) (8c)

Applying Faraday’s law to Eq. (8) yields the increase of the layer thickness d with
time ¢ (Eq. (9)). Its integration yields the growth of d as a function of 7. Unfor-
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tunately Eq. (9) does not permit an exact analytical solution. An approximation is
the direct logarithmic and the inverse logarithmic law of Eqgs. (10) and (11) [10]. Ex-
perimental data often fit equally well to both time laws.

dd/dt = (Vi /zF)ii® exp(BAp, /d) ®)
d = A+ Blog(t+19) (10)
1/d = A — Blog(t+ 1) (11)
B=1/p(E - Ep) (11a)

Experimental studies of oxide growth require a direct evaluation of the layer thick-
ness as a function of time. This may be achieved by various in situ and ex situ sur-
face analytical methods, i.e. the Quartz Micro Balance (QMB), Ellipsometry, and
methods working in the UHV, which will be discussed in the following section (4.2).
Another possibility is the combination of electrochemical methods. This involves
simply the measurement of currents and charges of potentiostatic or galvanostatic
experiments and the independent analysis of the electrolyte, which permits the cal-
culation of the charge or current of metal dissolution. The dissolution rate may be
obtained applying colorimetry to colored complexes of dissolved cations or atomic
absorption spectroscopy. The rotating Ring Disc (RRD) technique permits the de-
termination of dissolution rates with a time resolution of less than a second. Sub-
traction of the corrosion current density ic from the total current density 7, yields the
current density of layer formation i; (iy = i, — ic).

Applying Eq. (8a) to experimental data permits the determination of the ex-
change current density i/ and the jump distance & of ions. Both are correlated to
each other. A log i;/(E — Er) plot yields both i;° and f. Small variations of f require
large changes of i;°, so that an exact determination of these kinetic parameters is
difficult. This is in part a consequence of the fact that the current density can be fol-
lowed only for a restricted range of the electrical field strength within the passive
layer. According to Eq. (8b) experimental data for § lead to reasonable ¢ — values in
the range of 0.1 to 1 nm. The exchange current density of Eqn (8c) contains the
concentration N of mobile ions, i.e. of the charge carriers, and the frequency v.
Usually v = 10" to 10" s7! and N = 10'* to 10?! cm™? are in agreement with the
kinetic data of oxide growth. For potentiostatic conditions a stationary state is
reached for the passive layer with a small anodic current density, which corresponds
to the dissolution of metal ions in the passive state. For these conditions the current
density provides as many cations as are lost by dissolution to the electrolyte, which
gives a constant layer thickness d. With dd/dt = 0 Eq. (9) yields an oxide thickness
increasing linearly with the electrode potential E according to Eq. (12), which corre-
sponds to a constant electrical field strength (E — Ep)/d. This situation has been
verified especially for iron, which shows a potential-independent stationary current
density within the passive potential range in acidic electrolytes, and thus a potential
independent voltage drop Ag, ; at the oxide/electrolyte interface.

d = 0zFS(E — E,)/RT (12)
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4 Analytical Methods and their Application to
Passivity and Corrosion

Electrochemical investigations of surface layers have their limits. Even the evaluation
of the thickness and the growth of a surface film requires the knowledge of its
chemical composition and structure. Thermodynamic arguments have been used to
deduce this information from such electrochemical results as e.g. the potential at
which layer formation and reduction is detected by anodic or cathodic current peaks.
Since the thermodynamic data do not permit any conclusion about kinetics, and
detailed chemical information cannot be obtained simply from polarization curves,
the application of appropriate surface analytical techniques is a necessity to obtain a
reliable insight into chemical and structural data. Therefore, spectroscopic methods
are of increasing importance for corrosion research and electrochemical surface
science. For a better understanding, these methods are briefly introduced with special
attention to the study of the electrode/electrolyte interface and anodic oxide films.
There have to be distinguished between in situ and ex situ methods. Although in situ
methods do not interrupt the contact of the electrode to the electrolyte, and thus may
ensure potential control during the measurement, ex situ methods provide such rich
chemical information that their application to passivity and corrosion is urgently
needed. Appropriate precautions and broad experience with many passivating metals
ensures a reliable analysis without artifacts.

4.1 Electrochemical Methods

Electrochemical methods are usually in situ techniques. Potentiostatic potentiody-
namic and galvanostatic methods have been applied for many decades and are well
known by electrochemists and corrosion engineers. Even transient techniques had
been already developed by the 1950s, although the electronic equipment has made
great progress in the last 30 years. Especially important has been the development of
cheap and fast computers in the last 20 years; these facilitate the acquisition, manip-
ulation and evaluation of data. Impedance measurements provide data for the
capacity of electrodes and kinetic parameters for the processes at their surface. The
already-mentioned Rotating Ring Disc technique permits the evaluation of the rate
of dissolution with a time resolution of less than a second. Because these methods are
of wide spread use in the community, they are not discussed here specifically.
However, the application of the Split Ring Disc electrode especially with hydro-
dynamic modulation of its rotation speed (HMRRD) will be mentioned briefly. The
construction of appropriate ring disc electrodes including a modified commercial disc
rotator and the necessary electronic tripotentiostat have been already described in
detail elsewhere [25]. The investigations of K.G. Heusler on passive iron in 0.5 M
sulphuric acid have been already mentioned [18]. Another example is shown for Cu
in alkaline solution [26]. Two half rings permit determination of the formation of two
Cu species simultaneously. The transfer efficiency from the disc to the ring has been
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calculated and determined experimentally to 13 % for the actual dimensions of the Pt
half-ring Cu-disc assembly in close agreement. Fig. 8 shows the polarization curve of
a Cu disc in 0.1 M KOH with the two peaks of Cu oxide formation and the begin-
ning passive range at E > 0.4 V. The ring current ig; indicates the formation of Cu(I)
ions at the first anodic peak Al and a larger dissolution of Cu(II) ions at the anodic
peak AII which supports the formation of CuyO and CuO respectively. Passivation
transients at the indicated potentials of Fig. 6 yield a relatively large efficiency for
metal dissolution Ef = i./(i. + i;), which increases with the electrode potential. For
times less than a second, Ef is very small due to preferential layer formation. It
increases within a few seconds to a stationary value. Even during the first 10 seconds,
a major part of the total disc current is used for metal corrosion and only a small
fraction for oxide formation. Up to 90 % are achieved within a few seconds. In
agreement with the relatively large currents in the range of peak AII the oxide layer
grows to a visible thickness, which supports a dissolution and precipitation mecha-
nism for these conditions. When entering the passive range at £ > 0.4 V the passive
layer grows to some few nm at most, which confirms the formation of a dense and
protecting film. For these conditions, Ef will reach finally 100 %, however, at a very
low level of the total current density i = i; + i. of less than 0.1 mA cm™2.
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Fig. 9. Polarization curve of an Fe-disc Pt-split-ring electrode with hydrodynamic square wave modulation.
In 1 M NaOH with anodic and cathodic scan including capacity of the Fe disc (dashed curve), modulation
frequency of rotation w = 0.05 Hz (insert), simultaneous detection of Fe(II) and Fe(IIl) ions at Pt half
rings [12].

Another example for the HMRRD electrode is given in Fig. 9 for Fe in alkaline
solutions [12, 27]. The square wave modulation of the rotation frequency w causes
the simultaneous oscillation of the analytical ring currents. They are caused by spe-
cies of the bulk solution. Additional spikes refer to corrosion products dissolved at
the Fe disc. This is a consequence of the change of the Nernst diffusion layer due to
the changes of w. This pumping effect leads to transient analytical ring currents. Be-
sides qualitative information, also quantitative information on soluble corrosion
products may be obtained. The size of the spikes is proportional to the dissolution
rate at the disc, as has been shown by a close relation of experimental results and
calculations [28—30]. As seen in Fig. 7, soluble Fe(II) species are formed in the po-
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tential range before the second anodic peak, whereas Fe(I1I) production starts at the
second anodic peak at £ = —0.7 V up to £ > 0.7 V. In the reverse scan, Fe(Il) pro-
duction starts again during the reduction of the anodic oxide at the cathodic peak at
E = —1.0 V where Fe(III) oxide is reduced to Fe(Il) and Fe. These findings support
the XPS results on the chemical changes during oxide formation and reduction,
which are discussed in the following section. The decreasing capacity (dashed curve)
to less than 10 pF cm~2 indicates the formation of the passive layer.

4.2 Ex Situ Surface Analytical Methods

In situ methods permit the examination of the surface in its electrolytic environment
with application of the electrode potential of choice. Usually they are favored for the
study of surface layers. Spectroscopic methods working in the ultra high vacuum
(UHV) are a valuable alternative. Their detailed information about the chemical
composition of surface films makes them an almost inevitable tool for electro-
chemical research and corrosion studies. Methods like X-ray Photoelectron Spec-
troscopy (XPS), UV Photoelectron Spectroscopy (UPS), Auger Electron Spectros-
copy (AES) and the Ion Spectroscopies as Ion Scattering Spectroscopy (ISS) and
Rutherford Backscattering (RBS) have been applied to metal surfaces to study cor-
rosion and passivity.

Table 1 summarizes the most important surface analytical methods working in
the UHV, with their characteristics and advantages, which have been applied suc-
cessfully to the study of passivity and corrosion research as well as the solution of

Table 1. Characteristics of some UHV-surface analytical methods

Method In-depth Lateral Information

resolution | resolution
XPS (X-ray photoelectron | 2 nm 100 nm composition of surface and surface films,
spectroscopy) binding and oxidation state
UPS (UV photoelectron 1 nm >1 mm work function, threshold energies, band
spectroscopy) structure, binding orbitals
AES, SAES [(scanning) 2 nm 20 nm composition of surface and surface films, high
Auger electron lateral information
spectroscopy|
ISS (ion scattering 0.3 nm 20 nm composition of surface and surface films,
spectroscopy) modest lateral information
RBS (Rutherford S nm 0.1 mm quantitative quasi-non-destructive depth
back-scattering) profile
SEM (scanning electron 2 nm 1 nm surface topography with high lateral
microscopy) resolution
EM (electron microprobe) | 2 pm 2 um composition of surfaces and surface layers
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corrosion problems in industry. XPS is a very powerful tool to get qualitative and
quantitative chemical information with a soft treatment of the surface. UPS has been
applied to learn about the electronic properties of passive films via the measurement
of work functions and threshold energies. AES permits detailed examination of
localized effects due to its high lateral resolution when Auger electrons are excited
with a focused electron beam. The small escape depth of Auger electrons and pho-
toelectrons causes a surface sensitivity of a few nm for these electron spectroscopies,
which is the thickness of passive layers on many metals. In this regard, the scanning
electron microscope and the electron microprobe should be mentioned as very valu-
able routine methods in corrosion research to study the topography of a surface with
a lateral resolution of some 10 nm, and the elemental composition with a lateral and
in depth information of several um resolution. These methods have been applied to
the study of breakdown phenomena of passive layers. Modern scanning methods like
STM and SFM with a lateral resolution down to atomic dimensions should be men-
tioned, although they may be applied as in situ techniques. They are currently used
very successfully together with synchrotron methods like X-ray Absorption Spec-
troscopy (XAS) and X-ray Diffraction (XRD) for the study of the structure of pas-
sive layers which will be discussed in detail in Section 7.

4.2.1 Electrochemical Specimen Preparation and Transfer into the UHV

The surface analytical investigation of electrochemically prepared specimens with
methods working in the UHV involve the problem of their transfer with the loss of
contact to the electrolyte and of the externally applied potential and a change of the
composition of surface films by contamination and a possible oxidation by the labo-
ratory atmosphere. Some groups apply a specimen preparation within a glove box
and a specimen transfer via a transfer vessel, which may be flanged to it and to the
UHYV system. Others attach a special electrochemical preparation chamber to the
UHYV system with an appropriate specimen transfer between its various chambers
[31-34]. To minimize or to avoid changes during sample transfer, a closed system has
been constructed by the author, which allows a very effective sample transfer via a
purified argon atmosphere to the UHV. This equipment has been described in detail
previously [35, 36]. A short summary is given in the following section (Fig. 10). It
permits even the study of the electrode/electrolyte interface of emerged electrodes
[35]. These studies require hydrophobic conditions of the emerged electrode surface
to study exclusively the double layer without dried-on bulk electrolyte [35, 37a—c,
38]. In the case of oxide layers one may rinse usually the electrode surface with water
without any loss of the film.

The special construction of the spectrometer permits not only a safe specimen
transfer without chemical changes, but also a well-defined specimen pre-treatment by
sputtering previous to the electrochemical preparation. This is very important in the
case of alloys because active dissolution or etching and transpassive corrosion or
electropolishing may change the surface by preferential dissolution of one compo-
nent. The altered surface composition may have an effect on the kinetics of passiva-
tion and on the composition of the passive layer, formed subsequently as has been
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found for Fe/Cr alloys [39]. Furthermore, an air-formed oxide film prevents the start
of passivation studies with an oxide-free metal surface with known composition.
Argon ion sputtering previous to passivation is a reliable method to get rid of any
contaminants and to avoid an uncontrolled starting condition for passivation studies.
XPS analysis of the surface is an excellent control of its chemical situation. For many
binary systems like Fe/Cr or Fe/Ni alloys, the masses of the components are very
close to each other and lead to no change of the composition during Ar-ion bom-
bardment. If the electrode is introduced into the electrolyte at sufficiently negative
potentials, one may start a passivation transient with a potential of choice with well-
known composition of the electrode surface. The described procedures permit the
examination of passive films formed at very negative potentials, or in a short time.
Thus, one may get information for a large potential range and also for the kinetics of
passive layer formation starting in the millisecond range without any oxide at the
metal surface.

Surface analysis was performed with a commercial three chamber vacuum system
(ECALAB 5 and ESCA 200X, both VG Instruments), with an analyzer and a prep-
aration chamber and a fast entry air lock (Fig. 10). All vessels were separated by
valves. Diffusion pumps and a Ti sublimation pump at the analyzer chamber pro-
vided a vacuum in the range of <10~ mbar. A fourth chamber was flanged to the air
lock for the electrochemical preparation containing a small electrolyte vessel of ca.
2 cm?® content. The electrolyte and the water for cleaning were purged with purified
Ar (Oxisorb, Messer Griesheim) in a 1 L glass container. Small amounts of ca. 100 cm?

analyzer preparation fast entry
chamber chamber lock

[l

specimen
manipulator

Gate El cell
electro-

chemical
chamber

Fig. 10. XPS spectrometer with three vacuum chambers and a forth chamber for electrochemical specimen
preparation, providing specimen transfer without contact to the laboratory atmosphere [36].
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were purged again in a smaller vessel to remove any traces of oxygen and from there
filled into the electrolyte vessel via appropriate connections. A rack and pinion drive
system permits a very effective and flexible transfer of specimens between the differ-
ent parts of the equipment.

The specimens were mounted on stubs and attached to a rotary drive within the
electrochemical vessel and turned upside down to contact the electrolyte surface with
their circular front plane. The electrolyte level was arranged such that the specimens
were not wetted around the edge (hanging meniscus). Short passivation times of less
than 1 second were finished by disconnection of the counter electrode with a relay,
thus opening the potentiostatic circuit. Alternatively, the potential was pulsed to a
value where no further reaction occurs.

A typical specimen preparation involved mechanical polishing down to 1 um
grain size of alumina or diamond spray, Ar-ion sputtering (Specs IQP 10/63, 4,5 mA,
4 keV, 10 min) transfer to the electrochemical vessel, immersion in the range of slight
hydrogen evolution and a pulse to the potential in the passive range of choice for the
desired time. Then the specimens were washed with Ar-purged water, which replaced
the electrolyte in the vessel and finally transferred via the entry lock and the prepa-
ration to the analyzer chamber. The vacuum environment of the specimens was thus
improved in a cascade to ca. 10~ mbar within 3 to 5 min.

All solutions were prepared from analytically pure substances and deionized
water (Millipore, Milli Q water purification system). Hg/HgO/1 M NaOH (E =
0.14 V) and Hg/Hg,S04/0.5 M H,SO4 (E = 0.68 V) served as reference electrodes
and were attached outside of the electrochemical chamber. All electrode potentials
are given in reference to the standard hydrogen electrode (SHE) and are corrected for
liquid junction potentials if necessary.

4.2.2 lon Spectroscopies

Mass spectrometric methods have been applied to passivity and corrosion research.
Adsorbed molecules and components of surface layers may be desorbed by a soft
sputtering with a subsequent mass analysis with quadrupole or time-of-flight mass
spectrometers. The large variation of the sensitivity of Secondary Ion Mass Spec-
trometry (SIMS) by orders of magnitude with the properties of the matrix of surfaces
may be a serious problem for its quantitative application in surface analysis. How-
ever, the post-ionization of sputtered species with an electron beam, or the applica-
tion of a glow discharge to the specimen surface, help to stabilize the ion yield. With
this modification SIMS became a reliable quantitative method for depth profiles of
surface films. These mass spectrometric methods are very sensitive to small amounts
of layer components. They also open the possibility of mechanistic studies with iso-
tope tracers. A possible application is the location of O'® tracers within a passive
layer during further oxide growth. Apart from cations and anions of surface films,
large molecules may be examined by their fragments, and also as entire molecules.
For this purpose often time-of-flight mass spectrometers are used.

Backscattering of noble gas ions at solid surfaces is a useful tool to obtain ele-
mental depth profiles. The two main ion spectroscopies work with different primary
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Fig. 11. Binary collision process between noble gas
ions of mass m and target atoms of mass M
explaining ISS. Ej, = primary energy; E = energy
after collision.

energies of the ion beam. Ion Scattering Spectroscopy (ISS) uses a few keV, and
Rutherford Back Scattering (RBS) a Helium beam of 2 MeV. If ions with a few keV
hit the specimen’s surface, then their backscattering is a classical elastic binary colli-
sion process (Fig. 11). The ratio of the energies before E, and after the collision E for
backscattering of ions of mass m at surface atoms of a larger mass M follows Eq.
(13). Eq. (14) refers to a scattering angle ® = 90°. Consequently, the energy spec-
trum of the backscattered ions contains a peak for each sort of target atoms related
to their mass M.

E/Ey = m*/(m + M)*(cos© + [(M/m)* — sin> ©]"/?)? (13)
E/Ey= (M —m)/(M+m)  (for ® = 90°) (14)

The ISS analysis was performed with He ions, especially if oxygen and other lighter
elements should be analyzed. If the separation of the signals of heavier elements with
similar masses was a problem, e.g. for Fe/Cr or Fe/Ni, Ne was used as a probe gas
with a primary energy of 3 keV instead of 1 keV [40-42]. For these conditions the
mass separation was sufficient for analysis. A 3 x 3 mm scan with an ion current of
30 nA (EXO05, VG Instruments) was used for analysis and 300 nA with a wider scan
(6 x 6 mm) was applied for sputtering with otherwise unchanged conditions. The
different scan areas prevented the influence of the crater effect to these measure-
ments. The low ion currents caused a slow depth profiling which was intended for the
analysis of these thin passive layers in the range of a few nm thickness.

The intensities of the integrated signals may be evaluated on the basis of well-
characterized standards. Consequently ISS provides qualitative and quantitative in-
formation on the composition of the surface. Noble gas ions that penetrate the first
layers of the surface are backscattered as neutrals, and thus may not pass the energy
analyzer. As a consequence, only ions backscattered at the first atomic layer are de-
tected and the method is sampling the outmost atomic layer. A soft sputter process
by noble gas ions yields an ISS depth profile with atomic depth resolution. Therefore
ISS has been applied to the study of very thin oxide films, as e.g. of passivated Fe/Cr
alloys. This method may be applied in addition to XPS due to its high depth resolu-
tion.

Rutherford Backscattering is a valuable tool to get quasi-non-destructive depth
profiles of thin films on surfaces. According to their high primary energy, He>* ions
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penetrate into solid surfaces up to ca. 1 um and emerge back to the vacuum after a
binary collision process with a target atom. This collision process follows Eq. (13)
similar to ISS, which yields for ® = 180° (backscattering):

E/Ey = (M —m)*/(M + m)* (15)

The energy spectrum of the backscattered He ions yields a peak for each atomic
species. Its size is proportional to its concentration. As the He ions are submitted to
further ineslastic energy losses during their way in and out, broad signals appear that
depict the depth profile of the element. Usually the depth resolution is poor and
corresponds to the energy resolution of the detector (ca. 5 nm). This method is
therefore well suited for thick films. An example on the anodic oxidation of Cu/Al
will be presented in a following chapter.

4.2.3 Electron Spectroscopies

If electromagnetic radiation with a sufficiently short wavelength hits a specimen, then
electrons may be excited and leave its surface. By the use of X-rays, also electrons of
core levels may be emitted. X-ray Photoelectron Spectroscopy (XPS) examines the
kinetic energy of these photo-emitted electrons in an electrostatic energy analyzer. A
simple energy balance permits the evaluation of the binding energy Ep of the level
from which the electron is emitted.

hv = Eg + Eyin, 4 + (e®y) (16)

Eq. (16) contains the work function of the energy analyzer (e®,4), which is a conse-
quence of the reference of all binding energies Ep to the Fermi level Er of solid
specimens and the relation of the Fermi levels of the specimen and the analyzer to
each other in the spectrometer (Fig. 12). (e®,) is constant for a given spectrometer

Sample Analyzer

Fig. 12. Potential diagram for XPS with sample and analyzer and their related work functions e®g and
e®,, the binding energy Ep and the kinetic energy relative to the sample Eiyi, s and the analyzer Eyjn 4.
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Fig. 13. Excitation of photoelectrons with X-rays of energy /v from 2 core levels and their energetic
balance and relation to the signals with binding energies Ep and kinetic energies Eyi,, simplified, work
function and retardation voltage omitted.

and is internally compensated which permits one to omit this term at the right side of
Eq. (16). With the known energy /v of the X-rays, Eq. (16) allows one to calculate
Ep when Ey, is measured. Fig. 13 illustrates Ep and FEx;, of XPS signals and the re-
lation to their core levels. For simplicity the work function e®, has been omitted
equivalent to its internal compensation in the spectrometer. E£;; and Ej, are the ion-
ization energies of the core levels.

The free level of the emitted photoelectron is filled with electrons at energetically
higher levels. The energy of this process may be used for the emission of an Auger
electron or X-ray fluorescence as a competing process. Therefore an XPS spectrum
contains always the X-ray-induced Auger lines. They are used if the chemical shift of
the XPS signals is too small to distinguish different oxidation states of components of
a surface layer due to their often-larger chemical shift. Auger lines have been used to
distinguish Cu metal and Cu(I) ions to calculate the amount of anodic Cu(I)oxide
[43].

For the XPS measurements presented here, an X-ray source with an Al/Mg twin
anode was used at 300 W power (15 kV, 20 mA). The appropriate radiation was ap-
plied to avoid the interference of XPS and Auger lines. The XPS spectra were run
with fixed analyzer transmission (FAT) with a pass energy of 20 eV. The energy scale
of the spectrometer was calibrated with the following lines: Ni Fermi edge Epz =0
eV, Au 4f; ), Ep = 84,0 eV, Cu LsMM Ep = 568,0 eV and Cu 2p3), Ep = 932,7 eV.
In modern spectrometers the photoelectrons are focused by electrostatic lenses to the
entrance slit of a spherical sector analyzer, which permits a large working distance
for the specimen (Fig. 14). A constant voltage at the spheres of the analyzer provides
constant pass energy of the electrons. To obtain the energy spectrum of the photo-
electrons, a continuously changing retardation voltage between the sample and the
entrance slit of the analyzer reduces their kinetic energy, thus providing a chance for
all electrons to reach the detector via the analyzer when a spectrum is taken. Sensi-
tive spectrometers work with an array of several channeltrons or channel plates to
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Fig. 14. Schematic diagram for XPS measurements with a spherical sector analyzer and electrostatic lenses.

get high count rates with a computer-assisted shift of the individual data of each
channeltron for their proper superposition to obtain an XP-spectrum. The reduction
of the surface area from where photoelectrons are accepted leads to a lateral resolu-
tion of XPS of ca. 100 um. This small area XPS is achieved by a small entrance slit
of the electrostatic lenses. The polarity of the voltage supply of the hemispheres of
the analyzer may be changed so that also the spectrum of positive ions may be taken
in the case of ISS.

Each core level of a component of a specimen appears as a characteristic peak in
the energy spectrum (Fig. 15). These core level peaks provide a qualitative measure
of the composition of the surface. The size of the signal is proportional to the surface
concentration of the element under study. For a quantitative evaluation, the relative
sensitivities of the elements that depend in first order on their photo-ionization cross-
section (PICS) have to be taken into account. The PICS are listed in appropriate
tables [44]. The exact energy position of a XPS signal depends on the charge or
valency of the atom. Therefore the chemical shift of an element depends on its bind-
ing situation. This chemical shift provides valuable qualitative and quantitative
chemical information in addition to the elemental composition of a surface. Because
of the interaction of the photoelectrons with atoms during their transfer to the UHV
the XPS signals have a large background, which requires a background correction.
In most cases the signals then have to be deconvoluted to contributions of atoms in
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Fig. 15. XPS spectrum of a passivated Fe/Cr alloy with the predominant signals Ols, Fe2p, Cr2p and the
Auger signals of the metals.

different chemical conditions (oxidation state, binding state). This is usually done on
the basis of well-characterized standards. Fig. 16 gives an example for the Fe2ps),
signal of a passivating layer on Fe alloys with contributions of Fe(0) metal Fe(II) and
Fe(III).

XPS is surface sensitive due to the mean free path A of the photoelectrons within
a specimen in the range of some few nm. Their inelastic losses lead to an exponential
attenuation of the signal with depth. Thus, only those electrons may contribute to the
signal that originate at a depth not larger than 34. A changes in a first approximation
with the square root of the kinetic energy of the electrons. The matrix effect is in-
cluded by a constant empirical value B for metals, inorganic and organic compounds

-

Intensity

- Fig. 16. Deconvolution of the Fe 2p3/2 signal of a

Fe/20Cr sample passivated in 0.5 M H,SO4 at E =

705 708 711 714 717 1.1 V in contributions of the metal substrate Fe(0)
EB/ eV and of the oxide components Fe(II) and Fe(III).
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according to Eq.(17) [45,46]. The intensity ; of a component i with a particle con-
centration N; of a thin layer follows Eq. (18) with an exponential self-attenuating
factor (bracket) which approaches 1 for a large thicknesses d;.

). = By\/Ein, with B = 0,054 A/eV for elements [45, 46] (17)
and B = 0,096 A/eV for inorganic compounds
I; = X5 Tr 0;2;N;[1 — exp{—d)/2;cos O}] (18)

Xy considers the special design of the spectrometer and its settings, and Tr is the
transmission function of the energy analyzer. Both are characteristic for the individ-
ual spectrometer. The formation of intensity ratios of species cancels most of the
specific factors and thus yields general results independent of the specific spectrome-
ter. The coverage by an additional layer of thickness ¢, adds a further attenuating
factor exp{—d,/4 cos @} to Eq. (18), which yields specific intensity ratios as shown
for the bilayer structure of the passive layer on Fe (Egs. (19)—(21)). The variation of
the take-off angle @ of the photoelectrons (measured relative to the surface normal of
the specimen) permits the determination of the depth of a species within a surface
layer, and thus the determination of non-destructive depth profiles. The intensity
ratio of XPS signals of two species changes characteristically with ®, enhancing the
contribution of those being located directly at the surface relative to those in deeper
parts of a film. This angular resolved XPS (ARXPS) is applied to detect, and to
prove, a multilayer structure of a thin surface film of some few nm thickness in
corrosion research. A good example is the development of a passive layer on iron in
alkaline solution with time (Fig. 17) [12, 36]. After the deconvolution of the con-
tributions of Fe(II) and Fe(III) of the Fe2ps3/, signal one obtains the integrated sig-
nals I of both components and their ratio with a compensation of the special spec-
trometer characteristics and their photo ionization cross sections.

d»
Nrem lexp( ———— ] = 1
Tremn _ Fetll [ p(/lox cos ®> } (19)

Irenn —d
NEer [1 xp </10X cos ®>}

This ratio cancels most of the pre-exponential factors except the density of atoms N.
The intensity ratio is small for a 100 ms oxidation of Fe and gets larger for longer
oxidation times #p due to a first formation of Fe(Il)hydroxide and its later oxidation
to Fe(Ill)oxide for sufficiently positive potentials. The upward bending of the ratio
for longer times is typical for a bilayer structure, as depicted in Fig. 17. Apparently
the bilayer structure develops with time when a sufficient amount of Fe(III) is formed
by metal oxidation and by oxidation of the initially formed Fe(II). The details of the
passive layer on Fe are discussed in Section 5.1.1.

The quantitative evaluation of the XPS signals requires a background correction
according to Shirley [47], and a further calculation on the basis of the spectra of
standards. For this purpose the standard spectra were described with a set of Gauss—
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Fig. 17. Angular dependence of the XPS intensity ratio of Fe(IIlI) to Fe(II) components of an Fe specimen
passivated in I M NaOH at E = —0.16 V for times in the range of 100 ms to 100 s [12].

Lorentz curves with a tail function for the asymmetry of the XPS signals for these
transition elements. These sets were kept constant in position, shape and size relative
to each other. The XPS spectrum of an actual specimen was described with a least-
square fit by variation of the size of the appropriate standard sets [36]. Various
standards were prepared and measured for a subsequent data analysis of actual
specimens. Only some few examples are mentioned here. Pure metal standards are
Ar-sputter cleaned specimens. Fe(IIl) oxide corresponds to a thick passive layer
formed at the positive end of the passive range. For Fe(II), a passive layer formed on
Fe5Cr is reduced in 1 M NaOH at ca. E=—1.0 V (SHE) [12]. For NiO, oxide
grown at 1000 °C on pure Ni in air was used as a standard. For Ni(IlI)oxyhydroxide,
NiOOH was deposited by oxidation of Ni?* from weakly alkaline solution or formed
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by anodic oxidation of Ni in 1 M NaOH in the transpassive range. For Ni(Il)hydr-
oxide, Ni(OH), was formed by reduction of a NiOOH layer in 1 M NaOH [14].
Standards of other metals were prepared in a similar way. Often powder specimens
of the compounds of interest are a simple alternative. As the cation ratio of these
signals may be influenced by a matrix effect, appropriate standards for alloys were
obtained often by their chemical and electrochemical oxidation. Especially the Ni2p
peak of NiO raises these problems for Fe/Ni alloys [15,48]. Further information on
the standards are given when the passive layers on specific metals are discussed.

4.2.4 XPS Data Evaluation

The analysis of the XPS measurements of the passive layers and their interpretation
require a model for their structure. This will be discussed for the formation of passive
layers on Fe in 1 M NaOH. Similar procedures have been applied for several other
systems, as will be discussed in detail in the following sections of this paper. Passive
layers are generally not homogeneous and at least a duplex structure has to be ac-
cepted. Angular-dependent XPS measurements suggest this situation, as has been
shown already for the case of Fe in alkaline solution (Fig. 17). Quantitative XPS
allows the determination of the intensity ratio of the Fe species of different valency.
The intensity ratios according to Egs. (20) and (21) provide a possibility to calculate
the thickness of the inner d; and outer & part. Eq. (19) permits the conclusion about
which species is located at the inner and which at the outer side.

Ikean  NreanZox [ ( d ) }

= exp| ———| -1 20
Ire0)  Nre(o)4m P U cos(0) (20)
Irey  NEe(nZox [ ( d» ) } ( di )

= exp| ———— ) — 1| exp| ———— 21
Tre(o) NEe(0)AMm p Aox COS O p Aox COS O (21)

Alloys with two or more components lead to a more complicated situation. Even for
a simple, single-layer structure of the passivating film, and a binary alloy of the
components A and B, various reactions have to be taken into account, as depicted in
Fig. 18. The rate of transfer of metal components at the metal/oxide interface, and
the corresponding rate of transfer at the oxide/electrolyte interface, has to be con-
sidered for both cations. In many cases cations of more than one valence state may
be transferred into the passive layer and to the electrolyte, which increases the num-
ber of variables. Usual electrochemical investigations provide currents and charges
by their integration. Knowing the kind and amount of dissolved species, e.g. by
rotating-ring-disc studies, one gets the rate of cation dissolution and the related par-
tial corrosion current densities i. 4 and i. 3. Together with this information, the total
current density yields the part for layer formation i; =i 4 + i, p and its related
charge, which may serve to calculate the layer thickness if the composition, structure
and density of the passive layer, are known. Besides layer formation and dissolution
a possible preferential oxidation of one metal component at the metal/oxide interface
has to be considered which leads to an accumulation of the other component at the
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Fig. 18. Schematic diagram for a binary alloy with a passivating oxide film in contact to electrolyte with
the reactions of (1) oxide formation, (2) electron transfer, and (3) corrosion, including (4) oxidation of
lower-valent cations and the indication of ionic and atomic fractions X as variables for the composition of
the layer and the metals surface.

metal surface underneath the film. The still-simplified situation of Fig. 18 requires
more than a mere electrochemical investigation to learn about the kinetics and ther-
modynamics of the corrosion process, i.e. two partial current densities of layer for-
mation j; 4 and i; g and corrosion i, 4 and i, p respectively, and the layer thickness d.
Film analysis by XPS and ISS provides various additional data: the layer thickness d
and the composition of the film, i.e. the cationic fractions Xo 4 and Xy p, including
a possible depth profile and the composition of the metal surface X,, 4 and X, p.

The still-simple case of a binary alloys with a single layer structure of the passive
film with a homogeneous cation composition involves the evaluation of at least 7
unknown values, the thickness, 4 cation and anion fractions for the oxide or hy-
droxide and 2 for the metal surface underneath, which requires 7 independent equa-
tions including the trivial sum of the atomic fractions for the metal and oxide phase
[15, 48]. XPS supplies the necessary information. The data for such systems were
analyzed by the Newton Raphson algorithm to find simultancously the roots of 5
equations. A bilayer or multilayer structure, or a continuously varying film compo-
sition, increases still more the number of variables. This procedure has been applied
to several systems by the group of the author [49] to obtain the chemical structure of
passive layers on binary alloys. Examples are given in the following part. K. Asami
and K. Hashimoto followed this approach [50].

4.2.5 UPS Measurements

With the light of a UV source (Hel: 21.2 eV, Hell: 42.1 eV), electrons may be emit-
ted from the valence band of a solid specimen. Besides the features related to the
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density of electronic states in the valence band, one can determine the work function
of a metal, i.e. the energetic position of the Fermi level relative to the vacuum or the
position of the upper valence band edge for a semiconductor. The leading edge of the
UV photoelectron spectrum corresponds to the Fermi level or the valence band edge
with the highest possible kinetic energy of the photoelectrons. The cut-off edge refers
to photoelectrons that have lost most of their energy. They have a vanishingly small
kinetic energy and thus can just leave the solid surface. As a consequence of a simple
energetic balance, the width of the UP spectrum AFE yields the work function e®,, or
threshold energy e®y, for a metal or semiconductor respectively Eq. (22).

eo® = hv — AE (22)

4.2.6 XPS-, ISS- and RBS Depth Profiling

Sputter depth profiles are a valuable tool to determine the distribution of the ele-
ments within the layer. In many cases, the masses of the components of the alloys are
close to each other so that preferential sputtering does not alter the composition of
the thin oxide film or the metal surface underneath. However, oxygen is sputtered
generally by a higher rate, which leads to reduction of the oxide film. In consequence,
the distribution of the cations may be measured, whereas their valency becomes un-
reliable. The depth resolution of XPS profiles is determined by the mean free path of
the photoelectrons, which is in the range of some nm, i.e. of the passive layer thick-
ness itself. To improve this situation, ISS is a valuable alternative, with a monolayer
resolution due to its unique surface sensitivity. Thick films of a few nm up to several
hundred nm may be examined with Rutherford Backscattering of He ions. This
method yields quantitative depth profiles especially for heavy cations in a light
matrix, however with a resolution of ca. 5 nm only, which corresponds to the reso-
lution of the energy dispersive analyzer. An example will be given for the passivation
of Al with small amounts of Cu.

5 Chemical Composition of Passive Layers

The analysis of several pure metals and binary alloys yields generally at least a du-
plex and in some cases a multilayer structure of the passive film, as depicted sche-
matically in Fig. 19. These systems have been examined with surface analytical
methods, mainly XPS, but also ISS in some cases. The systematic variation of the
electrochemical preparation parameters gives insight to the related changes of layer
composition and layer development, and support a reliable interpretation of the re-
sults. Usually the lower valent species are found in the inner part and the higher
valent species in the outer part of the passive layer. It is a consequence of the applied
potential which of the species is dominating. Higher valent species are formed at
sufficiently positive potentials only and may suppress the contribution of the lower
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Fig. 19. Schematic diagram of the composition of passive layers on pure metals and binary alloys accord-
ing to detailed investigation with XPS and ISS.

valent species underneath in the spectra. This situation is in agreement with thermo-
dynamic requirements. The metal should be in equilibrium with the contacting oxide,
which contains usually the lower valent cations. Hydroxides are generally located in
the outer parts of the film. Apparently, the oxides lose their water during formation
in the high-strength electrical field applied by the external circuit, or by the presence
of a redox system. Hydrogen ions migrate voluntarily to the electrolyte leaving oxy-
gen ions, which form new oxide with the transfer of new cations at the metal/oxide
interface. In some cases, the water content is closely related to the kind of cations.
Fe(Il) ions form Fe(OH), in alkaline solutions at sufficiently negative electrode po-
tentials whereas Fe(III) oxide is formed at more positive potentials. The outer posi-
tion of hydroxides, as for passive layers on Ni, has been confirmed by ARXPS by
several groups [51-54]. This result justifies the assumption that specimen transfer
into the UHV does not alter the chemical composition of the surface film. Dehydra-
tion in a vacuum should start at the surface and proceed to the inner parts of the
film, thus reversing the sequence of the partial layers in comparison to the actual
result.
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5.1 Pure Metals
5.1.1 Iron

Fig. 20 presents the data of a quantitative XPS evaluation for the passive layer
formed in 1 M NaOH at different potentials on pure Fe [12,36]. In alkaline solutions,
all Fe oxides are insoluble, and thus may be examined without dissolution during
emersion of the electrode. Fig. 20 contains the polarization curve in 1 M NaOH with
the identical potential scale for comparison. Fe shows at high pH passivity already
at very negative potentials without pronounced dissolution of Fe(II) ions. Fe(OH),
is the dominating layer component starting at £ = —1.00 V. Fe(Ill) starts at £ =
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Fig. 20. Composition (Fe(II) and Fe(III)) of the passive layer formed for 300 s on Fe in 1 M NaOH cal-
culated from XPS measurements on the basis of a bilayer model including the potentiodynamic polariza-
tion curve with indication of formation of soluble Fe?>* and Fe* species. Ep; and Ep, are the passivation
potentials in alkaline solution and acidic electrolytes (Flade potential) extrapolated to pH 12.9 [12].
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Fig. 21. Composition of the passive layer on Fe formed in 1 M NaOH for 300 s as a function of the elec-
trode potential from XPS results on the basis of a homogeneous layer model, two methods for background
correction for data analysis: at the extrapolated passivation potential Ep; = —0.18 V (Flade potential), the
layer composition corresponds to Fe;Oy.

—0.70 V, which is close to the thermodynamic potential (Er;) for the formation of
all Fe(III) containing Fe oxides. At the Flade Potential Er; = 0.58 — 0.058 pH, i.c.
the passivation potential of Fe in acidic electrolytes, Fe(Il) is oxidized to Fe(III) with
the related decrease of the Fe(II) part and a steep increase of Fe(III) according to the
evaluation of the XPS results of Fig. 20. This process is closely related to the anodic
peak at E = —0.2 V of the polarization curve. Angular resolved measurements prove
the outer position of Fe(III) relative to the inner location of Fe(II) (Fig. 17). Instead
of the calculation of the partial layer thickness, one may deduce the average compo-
sition i.e. the average cationic fraction X(Fe(IIT)) = I(Felll) / [I(Fe(III)) 4 I(Fe(II))].
At the Flade potential, its value corresponds to the oxide composition Fe;O4 (Fig.
21). This result is in close agreement with the interpretation of the Flade potential as
the thermodynamic value for the oxidation of Fe;O4 to Fe,O3 [55] (see Section 2).
The chemistry of layer formation may be followed also with time resolution in the
range of ms to several 100 s. Similar to the dependence in the potential domain
Fe(OH); is formed first in the ms region which then is oxidized to Fe(Ill) oxide [12,
36]. The oxidation occurs earlier with increasing electrode potentials. Parallel to this
oxidation a change from hydroxide to oxide is observed. A reverse sequence may
also be followed during reduction of passive layers stepping the potential from very
positive to negative values [12, 36]. Fe(Ill) oxide is reduced to Fe(II) hydroxide and
finally to Fe metal. The reduction of passive layers on Fe/Cr alloys, i.e. in the pres-
ence of Cr, stops at Fe(Il) and only negligible portions are reduced to the metallic
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Fig. 22. Potentiodynamic polarization curve of Co in borate buffer pH 9.3 with potential ranges of active
behavior, primary and secondary passivity and their relation to the oxidation peaks Al and A2 [57].

state. Cr(III) is not reduced and remains within the passive layer. This example
shows that one may follow with XPS not only the formation of the film, but also the
change of its chemical composition with potential and time.

5.1.2 Cobalt

With respect to the polarization curve of Co, one may distinguish the potential range
of primary and secondary passivity as shown for 0.1 M NaOH in Fig. 22. In strongly
acidic electrolytes the dissolution current densities are relatively high, in the range of
some mA/cm? and only a small plateau of secondary passivity appears immediately
before the onset of oxygen evolution at 1.4 V (pH 2.2) [56, 57]. The separation of the
potential range of primary and secondary passivity improves with increasing pH.
The potential of the first anodic peak Al and the onset of oxygen evolution shift by
E =-0.059 V / pH, whereas A2 at the transition of the two passive ranges changes
less.

The composition and thickness of the passive layer changes with potential in
agreement with the polarization curve. In borate buffer pH 9.3, the thickness in-
creases linearly with the potential in the primary passive range (£ = 0.0 to 0.70 V)
within ca. 1 nm and takes a step to 4 nm at £ = 0.75 V [57]. In 0.1 M NaOH, pH 13,
the thickness grows up to ca. 15 nm in the primary passive range (E = —0.4 to
0.40 V) and drops to ca. 5 nm in the secondary passive range (£ = 0.3 to 0.70 V)
with a further linear increase with the potential [58]. In the active potential range,
negligible amounts of Co(II) hydroxide are found in both solutions. In 0.1 M NaOH,
Co(OH), covers the metal surface in the primary passive range which changes to
Co(III) oxide in the range of £ = 0.2 to 0.4 V and to pure Co(IlI) for £ > 0.4 V (Fig.
23a). This formation of the Co(IlII) film coincides with the change of primary to sec-
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Fig. 23. Cationic (a) and anionic (b) fractions of the composition of passive layers formed on Co in borate
buffer pH 9.3 as a function of the electrode potential [57].

ondary passivity with a characteristic sharp anodic peak in the polarization curve at
0.3 V [58]. Its charge of 750 uC cm~2 corresponds to the oxidation of ca. 4.7 mono-
layers of Co(OH), to CoOOH. Freshly formed Co(OH), has the layered structure of
CdI, with a sequence of OH-Co—OH layers and a larger gap between the sequence
of two of these sandwiches [59]. Within this water-containing gap, the necessary ex-
change of H" ions occurs sufficiently fast during the oxidation of Co(OH), to
CoOOH to form a sharp peak in the polarization curve. This peak disappears if the
hydroxide is aged with the loss of this gap, and thus a much slower oxidation reac-
tion. During the transition of primary to secondary passivity, a special peak at 530.3
eV contributes to the Ols signal of the XP spectrum, which is interpreted by the
formation of a spinel oxide at the metal surface. The Ols signal proves the simulta-
neous presence of hydroxide, oxide, and spinel with the same concentration (Fig.
23b).

The passive layer formed at 0.6 V in 0.1 M NaOH within the range of secondary
passivity keeps its composition during stepping the potential to more negative values
till 0.25 V and changes from Co(IlI) oxide to Co(II) hydroxide at £ < 0.2 V, as may
be followed by the Co2p and O 1s signals. Simultaneously with the change of an
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oxide to a hydroxide, the spinel signal is disappearing. Co(OH); is not reduced to
metal at potentials as low as —0.8 V within 5 min in 0.1 M NaOH.

The formation of the passive layer on Co has been followed also in the time
domain [58]. During the first seconds, Co(Il) forms predominantly, even in the range
of secondary passivity, but disappears gradually within several minutes, whereas
Co(IlI) increases at the same extent. Simultaneously, hydroxide is replaced by oxide,
although finally it is still present up to 30 %. Again, the formation of Co(IlI) is ac-
companied by the appearance of the spinel signal.

The application of XPS to the investigation of passivity of Co shows a compli-
cated sequence of anodic oxides, which are formed and may be reduced according to
the electrode potential. Angular resolved XPS suggest an outer position of hydroxide
and an inner position of oxide.

5.1.3 Copper

Pure copper forms protecting oxide films in weakly acidic and alkaline solutions
only, whereas for pH < 5 a continuous dissolution with increasing potential is ob-
served. Fig. 24 presents an example for polycrystalline Cu in 0.1 M KOH with the
indication of the composition of the anodic films, including the species dissolving
into the electrolyte as determined with a rotating ring-disc electrode [60]. The chem-
ical composition of the anodic oxides grown at different potentials in the passive
range has been examined with XPS [60-62] and X-ray-induced AES [61]. AES per-
mits one to distinguish between Cu metal and Cu(I) oxide, which is not possible for
XPS due to the almost negligible chemical shift of the XPS signals of both species.
The polarization curve shows two anodic and cathodic peaks (Fig. 24) [60]. Peak
Al refers to the formation of Cu,O, and AII to the formation of CuO, with con-
tributions of Cu(OH),. Peaks CI and CII refer to the reverse reactions. From
E=-025V to E=0.05V, asimple Cu,0 film is observed. In the potential range
of E =0.4to 0.9 V depth profiles by ISS show a duplex structure of the passive film
with an inner Cu,O and an outer CuO part [60, 62]. XPS studies show a strong OH
contribution for the duplex layer, thus its outer part should be seen as a CuO,
Cu(OH), film. The sharp reduction peaks C1 and C2 have been used to determine
the oxide thickness with the reactions as indicated in Fig. 24. Up to 1.2 nm of Cu,O
have been found for the Cu,O and the Cu,O / CuO,Cu(OH); duplex film. The outer
Cu(Il) film grows linearly with the potential up to 2 nm CuO or 4 nm Cu(OH), re-
spectively [60]. The reduction of the passive layer occurs via the formation of Cu
islands, according to reoxidation studies after partial film reduction [63]. Short-time
anodic transients followed by an immediate reduction of the oxide suggest the for-
mation of precursors in the ms range, which suggests a composition similar to Cu(I)
oxide. This precursor forms during aging Cu,O or a duplex film within 10 to 100 s
only [64]. This observation is important for structural studies by STM, which will be
discussed in a following section. In the potential range of peak AII the oxide thick-
ness grows with time in alkaline solutions (0.1 m NaOH) to visible films (slow scans
or rest at AIl). They get thicker with increasing pH of the solution. These films show
for slow scans (1 mV s~!) one main sharp reduction peak at very negative potentials
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Fig. 24. Potentiodynamic polarization curve of Cu in 0.1 M KOH with anodic and cathodic current peaks
and the related reactions of oxide formation or reduction; dissolution of cations and the indication of the
stability ranges of the Cu, O and duplex oxide layer. ipp at CII indicates oscillating photocurrent due to a
chopped light beam [86].

(E = —0.65 V). The mechanism of formation of these thick layers and their reduction
is still not fully understood. They presumably grow with a dissolution/precipitation
mechanism.

5.1.4 Chromium

Chromium passivates very effectively down to very negative potentials even in
strongly acidic electrolytes (Fig. 5). The cathodic current density of hydrogen evolu-
tion is followed by a small potential range of £ = —0.4 to O V of anodic metal dis-
solution where Cr dissolves as Cr’*. At E > 0 V Cr passivates with a drop of the
current density to less than 0.1 pA cm~2. In this potential range Cr** is the corrosion
product. RRD studies have been applied to determine quantitatively the formation
of Cr3* jons. In principle the dissolution of Cr** at a Cr disc may be studied with
two concentric analytical rings with their reduction to Cr’>* at the inner ring and its
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reoxidation to Cr’* at the outer concentric ring [65]. This method has been tested
analytically with glassy carbon (GC) rings with an inner ring sensitized by Ag/Hg
deposits to get an effective Cr** reduction and not too much hydrogen evolution [65].
Because of this simultaneous hydrogen evolution, the inner ring current cannot be
applied directly for the determination of Cr** dissolution at the disc. However, its
reoxidation at an outer GC ring can be followed without disturbing additional re-
actions. Although the analytical performance of this special RRD electrode has been
still improved by hydrodynamic modulation no Cr** could be detected [66]. Its dis-
solution rate is below the detection limit of the method which corresponds to a bulk
concentration ca. 5 x 107® M and a Cr3* dissolution current density at the disc of
5 pA cm~2. Even for potentiostatic passivation transients no soluble Cr** could be
detected. The total current density of the Cr disc drops from some 100 pA cm~2 to a
few pA cm~2 within the first 10 seconds. From these results, it was concluded that
much less than 10% of the total current is used for Cr** dissolution and the major
part for layer formation [66].

At E > 1.0 V transpassive dissolution as Cr,O>~ is obtained in 0.5 M H,SO,,
with a strong increase of the current density (Fig. 5). At £ > 1.7 V oxygen evolution
contributes to the large anodic current. These characteristic electrochemical proper-
ties indicate the importance of Cr as an alloying additive to obtain corrosion-resis-
tant alloys, especially at negative potentials and in acidic solutions.

In close relation to the polarization curve, and agreement with electrochemical
and XPS investigations, the formation of the passivating anodic film on Cr in 0.5 M
H,SOy starts already at £ = —0.2 V. Fig. 25 sums up the thickness d deduced from
XPS evaluation, the charge of anodic oxidation Q and the inverse capacity 1/C as a
function of the electrode potential [66]. d increases linearly with E as expected for a
high field mechanism. The thickness does not get much below 1 nm due to oxide
formation by water decomposition, which cannot be avoided during emersion and
the transfer of the wet specimen to the UHV of the spectrometer even in absence of
traces of oxygen. The extrapolation of the linear d/E relation leads to E = —0.2 V
for the start of oxide formation in close agreement with the electrochemical results.
1/C increases linearly with E to a maximum at £ = 0.7 V with a following decrease.
As the thickness is increasing, this should be related to a change of the electronic
properties of the layer. Similarly Q increases with a different slope for £ > 0.7 V. It
has been suggested that higher-valent Cr species are incorporated into the anodic
layer when approaching the potential range of transpassivity, which would explain
the larger charge for the same increase of the layer thickness and the change of the
electronic properties of the anodic film. According to the O1S and SIS signals, the
passive film consists of an oxide with contributions of hydroxide and sulphate in-
clusions. Even the Cr2p3/2 signal contains contributions that may be attributed to
hydroxide.

5.1.5 Nickel

The polarization curve of Ni in 0.5 M H,SO4 shows a similar behavior to Cr with a
clear separation of the anodic peaks of active dissolution, the passive range of 0.5
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Fig. 25. Oxide thickness d, anodic charge of layer formation Q and inverse capacity 1/C of Cr passivated
in 0.5 M H,SOy for 300 s, dy is the minimum layer thickness due to exposure of sputtered Cr to water [66].

to 1.5 V and the transpassive range up to 1.8 V with a final current increase at
E > 1.8 V due to oxygen evolution (Fig. 5) [67, 68]. In 1 M NaOH similar features
are observed in the polarization curve however at a much lower current level due to
the insolubility of corrosion products at high pH. The anodic peaks are appropriately
shifted by ca. 0.9 V to negative values. In acidic solution the main passivating film is
NiO with a small contribution of 0.5 nm hydroxide on top. Layer formation starts at
E = 0.6 V with a thickness of 2 nm which grows with the potential to only 2.5 nm.
At 1.6 V the layer disappears completely due to transpassive dissolution. One usually
assumes the formation of higher valent Ni ions as Ni** in the transpassive range,
which do not form a protecting film in strongly acidic solutions. They are not stable
and thus have not been found by appropriate methods like the RRD technique.
However, the results for alkaline solutions strongly suggest their presence. In 1 M
NaOH, the evaluation of the XPS data yields an increasing oxide thickness starting
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at £ =—0.45 V and reaching 3.5 nm at 0.95 V [68]. With an almost constant
hydroxide film of 1.5 nm one observes a maximum layer thickness of 5 nm at ca. E =
1.0 V. Angular resolved XPS measurements prove the outer position of Ni(OH), and
the inner location of NiO. Very interesting changes are found in the potential range
of 0.5 to 0.6 V. All binding energies related to the anodic layer, i.e. the Ni 2p3/2, the
Ols, and the CIS signal of the traces of carbon contamination are shifted by 0.8 eV
to lower binding energies. UPS measurements show a shift of the cut-off edge of the
photoelectrons in the same potential interval, which leads to an increase of the work
function by again 0.8 eV. These observations are interpreted by a shift of the Fermi
level of the anodic oxide by 0.8 eV, which causes an increase of all binding energies
given by convention relative to the Fermi level (of the anodic oxide) and a decrease
of the work function by the same amount. At E > 0.64 V changes of the Ni 2p3/2
XPS signal suggest the appearance of a new species. A mere shift of the Ni signals
gives no satisfactory fit and a further species has to be accepted. Larger amounts of
this species may be obtained at potentials of vigorous oxygen evolution, i.e. at
E = 1.64 V. For these conditions equal contributions of OH~ and O*~ are found for
the anodic layer. Apparently the outer Ni(OH), film is changed to NiOOH, which
may explain both effects, the changes of the electronic properties of the layer due
to oxidation of Ni(II) to Ni(Ill)ions and the release of a hydrogen ion to change
Ni(OH), to NiOOH. This oxidation of the hydroxide part of the passive layer is ex-
pected in close relation to reactions of Ni(OH), films in batteries.

In the passive range the oxide thickness grows linearly with log t in the time scale
of 1 ms to 1000 s. For £ > 0.7 V the change of Ni(OH), to NiOOH at > 0.1 s
causes less regular film growth. For this system again at first NiO and Ni(OH), grow
which then change to the higher valent species.

5.2 Binary Alloys

For alloys the corrosion properties, as well as the composition of the passive layers,
depend strongly on the chemical properties of the alloy components. For an alloy of
chemically very different components, the noble metal tends to stay within the metal
matrix, whereas the non-noble partner enters preferentially the oxide matrix or is
dissolved more readily. The more-noble component enters the passive layer or is
dissolved only if the potential is sufficiently positive. The more-noble component will
be oxidized also later on a time scale if the potential is sufficiently positive. Besides
thermodynamics also the kinetic properties of the system under study have a decisive
influence on the various reactions. This involves the rate of transfer reactions at the
metal/oxide and oxide/electrolyte interface, as well as the transfer of the cations and
anions across the oxide matrix.

5.2.1 Fe[Cr Alloys

Fe/Cr alloys have been studied by many groups with electrochemically and surface
analytical methods, this owing to their importance for their industrial applications.
Cr is the important component that renders the resistance of stainless steel to the
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H,S0, for 300 s as a function of potential [72].

attack of electrolytic and gaseous environments. For Fe/Cr alloys, both metals are
very reactive and enter the oxide matrix or are dissolved. The corrosion current
density of passive Cr at the oxide/electrolyte interface, i.e. reaction 1 of Fig. 4, is ex-
tremely small even in strongly acidic electrolytes as 0.5 M H,SOy. Fig. 27a presents a
polarization curve of Fe—15Cr in 0.5 M H,;SO4 with the potential range of active
dissolution, passivity, transpassivity and oxygen evolution, as well as the formation
of soluble species. The shape and the characteristic potentials are closely related to
those of pure Cr, as was shown in Fig. 5. The smaller corrosion current density in the
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transpassive range of several 100 pnA cm~2 is caused by the presence of the passive
layer of Fe, which reduces the dissolution rate of Cr as Cr,07>.

Both reactive metal components are oxidized at the metal/oxide interface. How-
ever, in the passive range Fe(IIl) ions are dissolved preferentially with a slow, but
still larger, rate by at least one order of magnitude. This situation leads to an accu-
mulation of Cr(III) within the passive layer. XPS studies yield a Cr content of >70
at. % [69—72]. In the active/passive transition range, Cr is accumulated to 90% and it
reaches a plateau of 80% in the passive range. Finally, it decreases for £ > 1.0 V in
the transpassive range (Fig. 27b).

A detailed insight into the layer composition is obtained with ISS (Fig. 28 a) [69,
70]. The excellent depth resolution of the method yields a sharp distribution with a
maximum in the centre of the film. Up to 70 at. % Cr(III) are obtained at the maxi-
mum for Fel5Cr alloy. A layer of only some few 0.1 nm directly at the surface is still
Fe-rich, however, the Fe ions are lost with passivation time [69]. There is still ob-
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sputter-cleaned sample [69, 70].

served change within one week with the loss of the Fe-rich outer layer and still some
increase of the maximum of the Cr distribution. Alkaline solutions like 1 M NaOH
cause the presence of a large outer Fe-oxide layer of several nm, which is increasing
with the potential (Fig. 28 b) [69—71]. This is a consequence of its insolubility at high
pH. The preparation conditions of the metal surface have also a decisive influence on
the cation composition of the anodic oxide film. The usual procedure for XPS inves-
tigations in our group involves a sputter cleaning with argon ions, the control of the
surface composition by XPS and the subsequent anodic passivation of an oxide-free
surface within the closed system without air contact. If an Fe/Cr alloy is activated,
i.e. if it is previously dissolved in the active potential range to remove any residual
oxide, Cr is accumulated at the metal surface which is a consequence of preferential
Fe dissolution. Therefore, these specimens show a higher Cr content within the sub-
sequently formed passive layer [69]. The influence of the surface composition of an
alloy before passivation is often neglected in surface analytical studies but should be
taken seriously into account. To our knowledge, a well defined pretreatment of the
alloy surface and the information of its composition before passivation seems to be a
necessary condition to obtain reliable results. Furthermore, the change of the com-
position with time is an additional detail that should be investigated with care. For
Fe/Cr the composition changes most during the first minutes, but this process con-
tinues for days (Fig. 28a). The passivation of alloys should be seen as a process with
changes on a large scale in the time domain, i.e. from milliseconds to days. This de-
tail will be discussed in the following part for several other alloys.

The chemical composition of the passive layer of Fe/Cr alloys shows further in-
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Fig. 29. Cationic fraction of the various cations within the passive layer on FeCr formed in 0.5 M H,SO4
as a function of the electrode potential.

teresting changes with the electrode potential in close relation of the polarization
curve. For these XPS studies with a more detailed separation of the species within
the passive layer, a specimen preparation with exclusion of the laboratory atmo-
sphere is absolutely necessary to have a chance to distinguish Fe(IT) and Fe(III) spe-
cies without Fe(II) oxidation due to air exposure during sample transfer. Reliable
Fe(OH), standards are obtained by reduction of passive layers in 1 M NaOH as has
been described already previously [12]. Fig. 29 shows in 0.5 M H,SOy, for the active
to passive transition range i.e. for £ = 0.0 to 0.3 V a large contribution of Cr(OH);
of 70 at. %, which drops to a plateau of about 50% for E > 0.3 V when Cr,0j3 steps
to 25%. In addition, 10% Cr,(SO4); is found, which decreases to less than 10% when
the potential enters the passive range. Sulphate should be interpreted as adsorbed
species. It is removed completely by light Ar-ion sputtering when most of the passive
layer is still present which proves its outer position, i. €. it is not incorporated into the
inner parts of the layer. When entering the transpassive range at £ > 1.0 V, Cr(OH);
disappears and Cr,Os; still increases. Rather astonishing is the presence of Fe(II)
within the whole passive range, although Fe(IIl) is expected at least above the Flade
potential of pure iron at £ = 0.58 V [72]. This result has been carefully investigated
with XPS by deconvolution of the Fe2p3/2 signal on the basis of Fe(II) standards. It
may be obtained only if one avoids any oxygen access and if one starts passivation
with an oxide free metal surface by previous Ar-ion sputtering. Although Fe(II)
hydroxide is dissolving rapidly in strongly acidic electrolytes, Fe(Il) apparently is
stabilized by the Cr(III)oxide matrix. The quantitative evaluation suggests the pres-
ence of Chromite (FeCr,04), which apparently dissolves slowly enough to form a
protective layer. The passive range of pure Cr in 0.5 M H,SOj4 extends to 1.0 V (Fig.
5). In the transpassive range Cr,O; dissolves as Cr,O72~. The passive range of Fe



318 Hans-Henning Strehblow

extends from 0.58V to 1.6 V (Fig. 5). Therefore the Fe component of Fe/Cr alloys
forms a stable film for £ > 1.0 V which, however, is not ideally protective due to Cr
dissolution with current densities in the range of 1 mA/cm?. At E > 1.0 V Fe(II)
disappears and only Fe(III) is found within the film (Fig. 29). The transpassive dis-
solution of Cr requires Fe(IlI)oxide as a slowly dissolving species to provide at least
some protection against high corrosion rates. Apparently Fe(II) is oxidized to Fe(III)
when Cr(III) is dissolved leaving an increasing concentration of Fe(IlI) within the
film. Within the passive range the layer thickness is small, ca. 0.7 nm, and almost
constant. It increases for £ > 1.0 V to some nm, a value also observed for pure Fe.

In alkaline solution the polarization curves show the characteristic peak structure
of pure Fe, however to a decreasing extent with increasing Cr content of the alloy
[73]. For repetitive scans, a characteristic pair of oxidation and reduction peaks at
E =0.50 and 0.80 V, respectively, pile up, referring to the accumulation of Fe at the
surface, which is oxidized and reduced between the Fe(II) and Fe(III) state similar to
the observations for pure Fe [12]. Apparently Fe oxide is not lost during the cathodic
scan. This has been also found by XPS after cathodic reduction of the passive layer
on Fe/Cr [73]. In contrast to pure Fe, the reduction stops at Fe(OH), and does not
proceed to the metallic state. The change from an oxide to a hydroxide during re-
duction has also been confirmed by investigation of the XPS—O1s signal. The Cr,03
content of the oxide layer cannot be reduced and remains at the surface. Its presence
may explain the difference of the properties of the Fe-oxide component on Fe/Cr
alloys in comparison with pure Fe. The total oxide thickness increases linearly with
the potential for alloys with 5, 10, 15, and 20 at. % Cr. As in the case of pure Fe,
Fe(II) is formed first and oxidized later within ca. 10 s if the potential is sufficiently
positive, i.e. positive to the Flade potential of Fe according to the relation Ep =
0.58 — 0.059 pH. XPS yields a virtually decreasing Cr content of the film with in-
creasing potential. However, this result is misleading because the film composition
has a detailed profile that may be seen by sputter profiling. Fig. 28b shows ISS depth
profiles with a large amount of Cr-free Fe oxide in the outer part of the film and a
pronounced Cr enrichment in the inner part [40]. Fe** ions are not soluble in alka-
line solutions, and thus have to accumulate at the surface; however, they are lost by
dissolution in the case of acidic electrolytes. This difference is obvious by comparison
of the ISS depth profiles of Figs. 28a and b.

5.2.2 Fe|Ni Alloys

Ni is a frequent component for alloys as e.g. for stainless steels. Polarization curves
of Fe53Ni and FelONi still show features known for pure Ni (Fig. 5). The current
increase and the peaks in the transpassive range are suppressed to a large extent in
acidic and alkaline solutions due to the influence of Fe [15, 48]. Angular resolved
XPS measurements indicate a bilayer structure of the passive film with an outer hy-
droxide and an inner oxide part. Circa 1 nm hydroxide is found with no change with
the electrode potential. The oxide part increases linearly with the potential up to 5 nm
and levels off to a constant value for the transpassive potential range at 0.70 V in
1 M NaOH and at 1.40 V for pH 2.9 [15, 48]. At 0.70 V in 1 M NaOH one observes
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calculated from an ISS depth profile [74].

a shift of the binding energies and an increase of the work function by ca. 0.6 eV,
similar to the results for pure Ni. At the same potential, the evaluation of the Ni 2p3/
2 signal requires the inclusion of a contribution of a Ni(IIl) species, which indicates
the formation of NiOOH in the outer layer. Apparently, the electronic properties of
the passive layer are strongly influenced by the Ni component. Detailed ISS depth
profiling of passive layers formed in 1 M NaOH on Fe53Ni yields a thin outer film
that is enriched in Fe with a maximum of 90 to 100 at. % and an inner part depleted
in Fe to only 30 at. % at the minimum (Fig. 30) [74]. These profiles with high depth
resolution cannot be obtained with XPS. Because of the relatively high information
depth of some nm, this method averages the influence of the accumulation and de-
pletion zones. ISS profiles confirm qualitatively and quantitatively many results of
XPS investigations. The thickness of the outer hydroxide increases only slightly with
potential, whereas the inner oxide grows linearly with the potential up to ca. 6 nm
[74]. The thickness increases with a step within the first 0.1 s and then grows linearly
with log 7. The composition of the layer is reached within 0.01 s with no further
change, except for a still slight increase of Ni at the metal surface [15, 74].

5.2.3 Ni/Cr Alloys

Ni base alloys with additions of Cr and Mo are widely used as long-term corrosion-
resistant metals as e.g. for containers of nuclear waste. For this reason Ni20Cr and
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Ni34Cr have been studied in 1 M NaOH and 0.5 M H;SO,. Potentiodynamic po-
larization curves show the characteristic behavior of the metal components with an
active, passive and transpassive potential range. Even in 0.5 M H;SO, the active
dissolution peak reaches only 25 pA cm~2, which indicates the influence of passivat-
ing Cr. In 1 M NaOH, a well-pronounced anodic peak at 0.6 V of Ni(III) formation
and the related reduction peak at 0.58 V are found (Fig. 31a). The intense current
increase at £ > 0.7 Vand 1.3 V for 1| M NaOH and 0.5 M H;SOy respectively, cor-
responds to the formation of soluble CrO4>~ and Cr,0;>~ and Ni**. An additional
shoulder at 0.3 V and 0.8 V for both solutions has a close relation to characteristic
features of the XPS results. The evaluation of XPS spectra yields an explanation of
the features of the polarization curves [75]. No Ni(Il) and only small amounts of
Cr(III) are found at potentials negative to the small peak of anodic oxide formation,
which is a consequence by a mere exposure of the specimens to water at open circuit
during their emersion. In the passive potential range a bilayer structure is found by
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angular resolved XPS with an inner oxide and an outer hydroxide part. The total
layer thickness increases with the potential up to a maximal value of 3.5 nm in 0.5 M
H>SO4 and 6 nm in 1 M NaOH (Fig. 31b) at the transition to the transpassive be-
havior. At negative potentials (E < 0.0 V pH 12.9 and E < 0.6 V 0.5 M H,SO4) the
film consists mainly of hydroxide and contains negligible amounts of oxide, which,
however, are growing with potential. In 1 M NaOH the oxide layer on Ni20Cr
attains a thickness similar to that of the hydroxide at 0.6 V, whereas in 0.5 M H,SO4
the oxide thickness is still smaller at the beginning of transpassive behavior at 1.2 V.
In I M NaOH the hydroxide film contains more than 80 at. % Ni(OH),, whereas the
oxide is almost a pure Cr,Oj3. This situation changes for the oxide to the opposite at
E > 0.3 V when Cr(VI) appears within the film (Fig. 31c). Ni(Ill) is detected at
E > 0.6 V. The large amount of Ni(OH), should be seen as a consequence of its in-
solubility in strongly alkaline solutions. In 0.5 M H,SO4 both partial layers consist
of pure Cr,Os or Cr(OH)s, respectively, with only negligible contributions of Ni.
Only traces of less than 10 at. % Cr(VI) are found in the outer hydroxide part. At the
metal surface Ni is slightly enriched with respect to the bulk metal composition. In 1
M NaOH the appearance of Ni(III) and the sharp anodic peak at 0.6 V go along
with an decrease of the binding energies of all oxide species by ca. 1 eV. UPS inves-
tigations of emerged electrodes suggest the increase of the threshold energies by the
same value. These findings closely relate to the situation of passive layers on Ni and
Fe/Ni alloys, which has been explained by an appropriate shift of the Fermi level
within the anodic layer to lower energies [14, 15]. The film growth occurs linearly
with log t for both layers.

5.2.4 Fe[Al Alloys

Al and Si are very reactive elements that may improve the corrosion resistance of Fe
as alloying additives. An increase of the Al content reduces the corrosion current
density in acidic electrolytes (pH 5.0, 3.8), especially the active dissolution negative
to the passivation potential (Fig. 32 a) [76, 77]. Already 4 at. % Al reduce the current
maximum of active dissolution of Fe by a factor of 10. At pH 3.8, 12 or 22 at. % Al
are required to suppress this active current peak. XPS and ISS analysis of passivated
specimens show a pronounced Al enrichment within the passive layer. ARXPS sug-
gests a uniform distribution of Al. This is however an artifact due to the restricted
depth resolution of the method. XPS and ISS depth profiles show a sharp and pro-
nounced Al enrichment in the centre of the layer. Especially the high depth resolu-
tion of ISS provides a sharp peak of the Al profile with up to 90 at. % for 22 at. %
bulk composition (Fig. 32b). ARXPS analysis yields an unusual outer position of
Fe(II) on top of Fe(IIl) for positive potentials [77]. This situation is apparently a
consequence of the low electronic conductivity of the Al-rich part of the inner oxide.
During anodic oxidation Fe(II)ions are formed first and are oxidized in a later stage
as has been found previously for passive layers on pure Fe [12]. This oxidation pro-
cess requires transport of electrons across the oxide to the metal substrate, as shown
in the diagrams Figs. 4 and 18. Al,Os3 is an insulator. The Al(II)-rich central part of
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the passive layer apparently may prevent the oxidation of Fe(Il) ions in the outer
part of the layer where they remain trapped.

5.2.5 Fe/[Si Alloys

Fe/Si (single phase) alloys change their passivating properties in a characteristic way
with the Si content. Polarization curves in acetate buffer pH 5.0 yield an increase of
the passivation current density and the passivation potential with the Si content up to
7.6 at. % (Fig. 33a) [78]. In more acidic solutions as 0.01 M H,SOy4 alloys with <7.6
at. % Si even cannot be passivated. If however the Si content gets to >21 at. % the
alloys may be passivated again (Fig. 33b). For 25 at. % Si the passive behavior has
remarkably improved with respect to pure Fe. Apparently a sufficient amount of Fe
or Si is required to form a protecting continuous Fe,O3 or SiO; layer. ISS depth
profiles show a large accumulation of Si within the anodic oxide layer (Fig. 34) [78].
In the outer part of the film a pure Fe oxide is found for borate buffer pH 9.0,
whereas only 50 at. % Fe is obtained for pH 5.0. The inner part consists of almost

a) 50

FedSi

-10 T T T T T T T T T T
-06 -04 02 00 02 04 06 08 10 12 14 16
Potential / V[SHE]

b) 010

-2

0.05 \ Fe25Si

i/ mAcm

-0.05 T T T T T T T T T
06 -04 -02 00 02 04 06 08 10 12 14 16

Potential / V[SHE]

Fig. 33. Potentiodyamic polarization curves of Fe and FeSi alloys with 1 mV s~! in acetate buffer pH 5.0:
(a) Fe with 0, 2, and 4 atom % Si; (b) Fe25Si [78].
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Fig. 34. Composition of passive layers on Fe25Si from ISS depth profiles including the intensity of the
oxygen signal formed for 5 min in: (a) acetate buffer pH 5.0 at 1.0 V; and (b) in borate buffer pH 9,0 at
E =090V [78].

pure SiO, for pH 5.0 and only 80 at. % for pH 9.0. This behavior mirrors the disso-
lution characteristics of both alloying elements. Fe is dissolved in solutions of low
pH, whereas SiO, is almost insoluble in both electrolytes. Similar depth profiles are
obtained with XPS, however with less depth resolution [78, 79]. In strongly acidic
electrolytes, almost pure protecting SiO, is formed in the case of high Si content
whereas Fe is dissolved. The growth of the passive layer and the change of its chem-
ical composition and structure has been investigated with time resolved measure-
ments [79]. During the first ms, Si is oxidized as the less-noble component. Fe(II)
enters the film, but is oxidized to Fe(Ill) within the first seconds. Finally, Fe(III) is
lost slowly by dissolution in acidic electrolytes (pH 5.0) with a remaining SiO; film.
For high Si-containing alloys this film remains permanently protective. However,
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low Si-containing alloys start to dissolve again when Fe(III) is lost. The whole pro-
tective film is lost within ca. 1000 s for Fe 2 at. % Si in acetate buffer pH 5.0. The
change of a current decay and increase may be followed simultaneously with XPS,
which explains the chemical processes during film growth and dissolution. A high Si
content of the alloy may even prevent pitting in the presence of chloride. A SiO; film
is stable with respect to the complexing properties of the so-called aggressive anions,
i.e. the halides, and thus a protecting SiO, layer is left without attack [80].

According to ARXPS, Fe(II) is located in the outer parts of the anodic oxide and
remains trapped up to very positive potentials, especially in alkaline, but also weakly
acidic electrolytes. Similar to the situation of Fe/Al alloys, its oxidation is prevented
due to the poor conductivity of a large SiO, content at the metal surface, i.e. in the
inner parts of the film [79]. Fe(II) oxidation requires electronic conductivity from the
outer parts of the passive layer to the metal surface.

5.2.6 Cu/Ni Alloys

A special situation arises for an alloy with a reactive and a semi-noble metal. In this
case the thermodynamic properties favor the oxidation of the non-noble component,
whereas the noble partner accumulates at the metal surface. Cu/Ni is a typical ex-
ample, which has been studied with various alloy compositions and pH values of the
electrolyte [81, 82]. Both pure metals show already a detailed chemistry of oxide
formation with two valence states, as discussed above. Similar to the elements, Cu/
Ni forms an inner oxide and an outer hydroxide (Fig. 35) [81]. The main constituent
for low potentials is Ni(OH), with small amounts of oxide. The oxide part is in-
creasing with potential. Within the transpassive potential range, i.e. for £ > 0.5 V,
Ni(OH), is oxidized to NiOOH. The hydroxide layer is almost pure Ni(OH), and
NiOOH in the transpassive range. The main constituent of the oxide is Cu,O in the
inner part and CuO in the outer part of the layer with NiO additives increasing with
the electrode potential. The metal surface is enriched in Cu due to preferential oxi-
dation of Ni. This chemical structure of the passive layer is also found with ISS. Fig.
36 depicts a quantitatively almost identical depth profile for XPS and ISS, which
clearly shows the outer Ni-rich hydroxide and the inner Cu-rich oxide. A further
subdivision of these partial layers with regard to the oxidation states by ISS is not
possible because this method distinguishes only the masses of the layer components.
NiOOH may be reduced to Ni(OH), when the potential is stepped back to 0.5 V.
The oxide is reduced at 0 V and leaves pure Ni(OH), at the metal surface. Ni20Cu
shows principally the same layer structure with some Cu entering the oxide film. The
layer structure shows similar changes in the time domain with a first formation of
Ni(OH); followed by a CuO and NiO containing inner oxide and finally the oxida-
tion of the outer hydroxide to NiOOH.

5.2.7 Al/Cu Alloys

For Cu-containing Al, the thermodynamic data of the metal components differ still
more. Al forms a pure oxide with no Cu content. Cu accumulates at the metal sur-
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Fig. 37. Copper RBS signal of Al 0.5 atom % Cu vapor-deposited films on quartz passivated galvano-
statically with 1 mA ecm~2 in 0.1 M citrate buffer pH 6.0 to increasing potentials including a film as de-
posited. Thickness calculated from complete RBS spectrum and applied charge [84].

face and blocks the formation of Al,O3 locally due to its presence. Layer formation
under galvanostatic conditions leads finally to local breakdown of the passive layer
and a perforation of the vapor-deposited alloy films [83]. In this case, the oxide layers
are several 10 nm thick and are studied best with Rutherford Backscattering. This
method provides a non-destructive depth profile, which clearly shows the Cu accu-
mulation at the interface (Fig. 37) [84]. Cross-sections of anodized Al specimens have
confirmed a thin layer of Cu enrichment [85]. In a later stage of film growth, these Cu
enrichments get locally larger and less uniform, which may be seen as a roughening
of the Cu accumulation zone or a penetration of Cu oxide into the anodic Al,O3
layer. The Cu-accumulation peak of Fig. 37 is broadening correspondingly. At the
sites of a large Cu concentration, the growth of anodic Al,Oj3 is blocked, which leads
finally to the observed breakdown of the passive layer and the locally enhanced dis-
solution [83].

6 Electronic Properties of Passive Layers

Passive layers of various metals have semiconducting properties; others have in-
solating properties. As usual, this is a consequence of the band gap. The anodic
oxides of metals like Fe, Cr, Ni, Co and Cu show semiconducting properties,
whereas the valve metals like Al, Ta, Zr, Hf and Ti form electronically insolating



330 Hans-Henning Strehblow

oxides. The latter do not permit oxygen evolution even at very positive potentials of
more than 100 V, which is a consequence of their missing electronic conductivity.
Anodic oxide films usually do not consist of perfect crystals. They have small crys-
talline areas and may be even amorphous. In most cases they have at least a lot of
defects, which has consequences for their electronic conductivity, which will influence
redox reactions at the surface of passive metals in the dark as well as under illumi-
nation. In this chapter an introduction to the application of various methods is given;
these provide information on the electronic properties of passive metals. A short
overview on the electronic properties of passive layers on various metals is given and
the possible mechanisms of redox reactions are presented. As an example, passive
copper is discussed more in detail to elucidate some methods that provide informa-
tion on the electronic properties of passivating films.

The oxide layer of a metal such as copper may be seen as a semiconductor with a
band gap, which may be measured by absorption spectroscopy or photocurrent
spectroscopy and photopotential measurements. Valuable additional data are ob-
tained by Schottky—Mott plots, i.e. the C~> — E evaluation of the potential depen-
dence of the differential capacity C. For thin anodic oxide layers usually electronic
equilibrium is assumed with the same position of the Fermi level within the metal
and the oxide layer. The energetic position of the Fermi level relative to the valence
band (VB) or conduction band (CB) depends on the p- or n-type doping. Anodic
Cu,0 is a p-type semiconductor with cathodic photocurrents, whereas most passive
layers have n-character.

An important property of many passive layers is the high doping level with a
large concentration of localized states within the band gap. In the case of Cu,O one
has to assume for crystalline material a large concentration of localized states in a
larger distance of VB and CB, which may be seen even as a sub-band within the band
gap [86-88]. This sub-band causes electronic conduction and electrochemical re-
actions with redox systems of the contacting electrolyte even in the dark. As the
Fermi level of Cu is not close to the VB or CB they essentially do not participate in
this electron transfer. A similar situation arises for STM investigations of this anodic
oxide. In this case electron transfer has to occur from the tip via the oxide to the
metal involving the subband of the oxide layer [89, 90]. To understand these pro-
cesses qualitatively and quantitatively, information on the semiconducting properties
of the anodic oxide layers is required which may be obtained with in situ spectro-
scopic techniques as well as UHV techniques.

6.1 Electronic Properties of Various Passive Oxides

As seen in Fig. 38a the potential distribution across a passivated metal surface with a
simple barrier type of oxide layer involves two interfaces and one thin film. Many
passivating oxides have semiconducting properties as will be discussed in detail for
Cu,0. Depending on their doping level, semiconductors contain a much smaller
concentration of charge carriers as metals. Consequently, the double layer is no lon-
ger restricted to the electrolyte and a space charge layer extends into the semi-
conducting film (Fig. 38b). Usually one assumes that at the metal/oxide interface the
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Fig. 38. (a) Potential diagram (p) with potential drop at the interfaces including the space charge layer
Aggc and Helmholtz layer Apy;; and (b) semiconductor model of a metal with a n-type passive layer, with
the band gap E,, space charge layer dsc, conduction band CB, and valence band VB.

space charge layer is small, owing in large part to a fast transfer of metal cations
from the metal into the oxide layer [91]. Therefore, this interface does not seem to
have an influence on the capacity and charge transfer reaction of passivated metal
surfaces. The oxide/electrolyte interface takes over most of the potential drop. It may
be divided in Ag;, of the Helmholtz layer in front of the electrode within the elec-
trolyte, and Aggc of the space charge layer within the semiconducting oxide. As dis-
cussed already, the potential drop within the Helmholtz layer is determined by O~
formation from the water at this interface, or the adsorption of species from the
electrolyte at the anodic film like OH~ or H™ ions or other anions from the electro-
lyte. This adsorption process is in equilibrium as long as it is not disturbed by the
application of an overpotential, which may cause the formation of new oxide or its
dissolution (positive of negative overpotential). As will be shown in the case of pas-
sive copper, the potential increase is located within the semiconducting oxide and a
space charge layer is formed within the oxide at the oxide/electrolyte interface. It
depends on the applied potential and the charge carrier concentration how far it will
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extend into the oxide. The characteristic measure is the Debye length f (Eq. (22a)),
which decreases with the concentration of the donor Np or acceptor levels N4. The
potential will drop within the distance dsc of the space charge layer to a constant
level within the bulk of the semiconductor. The thickness of the space charge layer
dsc is given by Eq. (22b) and increases with the square root of the potential drop
within the semiconducting oxide, which equals to the deviation of the electrode po-
tential E from the flat band potential Ef,. The space charge layers extends deeper
into the oxide with increasing potential E and donor or acceptor concentration N.

_ |eeokT
p= Nyl (22a)
dsc = p[2AE ~ Ero) (22b)

The passive layers of several metals like Fe, Ni, Cr and their alloys are only up to a
few nm thick, and thus the Debye length is larger than the oxide thickness. In these
cases the potential drop extends linearly across the whole anodic layer. The insolat-
ing oxides of the so called valve metals such as Al, Zr, Hf, and also on Ti, may be
grown anodically to large thicknesses by applying electrode potentials of several 10
to 100 V without any redox reactions (e.g. oxygen evolution). For these thick oxide
films, the potential may drop within the space charge layer to a constant value within
the bulk oxide. Some anodic oxides (IrO,, PbO;) are metallic so that the potential
drop is located within the Helmholtz layer as in the case of metals.

The band gap of the anodic oxides varies from the large values of insulators to
those of semiconductors and metallic oxides. These values may be obtained from
photocurrent spectra as discussed in the case of Cu oxides [97,98] or absorption
spectra [99]. Photo Acoustic Spectroscopy has been used as an alternative [100]. It is
also based on the absorption of chopped light and uses only the detection of sound to
record the spectra. Fig. 39 presents a schematic drawing of the most common oxides
taken from literature [101]. The doping of these anodic oxides is usually relatively
high in the range of up to some 10?! cm~3. Consequently, the Fermi level Ep is close
to the energy of the conduction (E¢) or valence band (Ey) in the case of a n- or p-
type semiconductor respectively. As the doping level is frequently not known and
depends strongly on the preparation conditions, an energy difference Ec — Erp = 0.25
eV and Er — Ey = 0.25 ¢V is assumed in Fig. 39. The positions of the bands are
given relative to the energy scale related to the vacuum level or the standard hydro-
gen electrode. Both scales are related to each other by a difference of 4.6 eV [92-96].
Fig. 39 also contains some redox systems, which are commonly used for electro-
chemical charge transfer studies. The energy position of the bands is related to these
scales by a simple discussion involving the band bending between the semiconductor
surface and its bulk Apgc = Es — Ep and the potential drop in the Helmholtz layer
Apy = Esol — Es [91].

EF,ox = E[—4.6 + Egp — (ES — Esol)} (23)
Apy = Es — Ey = Apy(0) — 0.059 pH (23a)
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Fig. 40. Electron transfer from redox systems within the electrolyte across a semiconducting passive layer
(n-type): (1) direct tunnelling to CB; (2) tunnelling through space charge layer; (3) transfer via surface
states; (4) hopping mechanism via interband states; (5) transfer via sub-band; and (6) transfer via valence
band.

For the flat band potential situation, i.e. at E = Ep, and for eAgpg- =
e(Es — Ep) = 0, one obtains an appropriate relation for the Fermi level of the oxide
Er ox in dependence of Erp, and the potential drop in the Helmholtz layer Eg — Eqo
(Eq. (23)). The potential drop Apy changes with pH according to Eq. (23a), which
corresponds to the discussion of Section 2, Eq. (3). It is obtained from the adsorption
equilibrium at the oxide surface, i.e. from its isoelectric point. The flat band potential
Epp may be determined by extrapolation of the potential dependence of the photo-
current as will be shown in Fig. 40 of Section 6.2 for passivating Cu,;O on Cu. With
these data the positions of the energy bands of Fig. 39 have been determined, how-
ever with the assumption of an energy difference of the Fermi level from the con-
duction or the valence band of 0.25 eV, respectively. For the anodic oxides of Cu, the
position of the bands has been determined independently by UPS measurements
(Section 6.2).

The Fermi level and the doping concentration have been determined for various
passive layers by capacity measurements. The capacity of a metal covered by an
oxide layer may be split in three contributions Cyre/ox Of the metal/oxide interface,
Cox of the oxide layer and Cy of the Helmholtz layer at the metal/oxide interface. As
these capacities are in series one has to add their inverse values to obtain the mea-
sured reciprocal capacity C according to Eq. (24). 1/C equals approximately 1/Cox
due to the larger values of Cy and Cyge/ox. For insulating oxides, C follows the sim-
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ple condenser equation and 1/C increases linearly with the thickness d (Eq. (25)).
For these cases the capacity may be used to measure the oxide thickness, which may
be obtained independently from the integrated charge of oxide formation by apply-
ing simply Faraday’s law to the reaction of layer formation. As d often increases
linearly with the electrode potential, one obtains a linear 1/C — E dependence. The
band bending of the space charge layer of a semiconductor is related to the capacity
C by the equation of Schottky—Mott (Eq. (26)). An appropriate 1/C? — E plot yields
by extrapolation for 1/C? = 0 the flat band potential Egy. From its slope, the density
of charge carriers N is obtained; n-type semiconductors yield a positive, and p-type a
negative, slope.

1 1 1 1

g + 4+ — 24
Cvme,ox Cox  Cwm 24

1 d

-2 2

C &g (25)

1 2 kT

—=—" (E— Ep, — — 26

C? eesoN< o ) (26)

The energetic relations of the bands of semiconducting passive layers and the exis-
tence of possible states within the band gap within the layer or at its surface are of
decisive importance for electrochemical reactions at passivated metal surfaces.
Charge-transfer reactions require an isoenergetic transfer of electrons from the metal
surface to the redox system. According to the Born—-Oppenheimer approximation
and the Franck—Condon principle, the fast electron transfer (10~ s) does not allow
simultaneous changes to the solvation shell of the redox species, which occurs within
the time of oscillations only (1073 s). Direct tunnelling of electrons between the
metal and the redox system within the electrolyte may occur if very thin oxide layers
cover the metal surface (<1 nm), as in the case of some noble metals like Pt and Au
and reactive metals like Cr and Ni. If the thickness of the anodic oxide exceeds 1 nm,
then electron transfer has to occur via states within the oxide. Thus, a charge transfer
has to occur via the valence or the conduction band, or via states within the band
gap, as shown schematically in Fig. 40. Usually the anodic oxides are seriously
doped and one has a high density of states below the conduction band, or above the
valence band. This situation leads to a high concentration of charge carriers within
the bands. Their presence may mediate a horizontal isoenergetic electron transfer
within the band gap. These immobilized states permit electron transfer by a hopping
mechanism. A large concentration of these states may extend the energy range of
electron transfer, and thus the anodic or cathodic current density. These states reduce
the minimum excitation energy during light absorption, and thus cause a tailing of
the photocurrent spectra, as found for Cu,O in Fig. 40b. For these cases a mobility
gap rather than a band gap is discussed. A high density of states within the band gap
leads to an overlap of their orbitals and thus may form a subband which will also
mediate electron transfer across the anodic layer as has been suggested for anodic
and crystalline Cu,O (Fig. 40). Thus, the knowledge on the electronic properties are
of decisive importance for the understanding of redox processes on metal electrodes
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covered by semiconducting oxide films. This is not only important for corrosion
phenomena on passivated metals, but also generally for redox processes at electrode
surfaces.

6.2 Electronic Properties of Cu,O and of the Cu; O/CuO, Cu(OH),
Duplex Layer

The Cu,0 passive layer on Cu has semiconducting properties. Its band gap has been
determined by absorption spectroscopy [99] and photoacoustic spectroscopy [100].
The latter method detects the acoustic signal with a microphone or piezo-detector,
which forms due to the absorption of a chopped light beam. By both methods the
band gap has been measured with sufficient agreement with the results obtained by
photocurrent measurements [97, 98]. Applying light to oxide-covered Cu electrodes
electrons are excited from VB to CB and travel to the oxide/electrolyte interface due
to the downward bending of the bands within the range of the depletion layer. The
positive holes move in the opposite direction and enter the metal phase. The high
electrical field strength ensures a very effective separation of the electron hole pairs
and avoids their recombination. At the oxide surface electrons are transferred to the
empty states of the oxidized form of the redox system, which causes a cathodic
photocurrent ip,. Any species that may be reduced within the solution may serve as
an electron acceptor including constituents of the anodic film itself. In the case of
passive Cu, photocurrent measurements have been performed with AsO4>~, H,0,,
the [Co(NH3)sCl]** complex, CuO,%~, and even the CuO, Cu(OH), part of the du-
plex layer formed at positive potentials [97].

For the interpretation of the photocurrent measurements of a passivated metal
like Cu one may apply the semiconductor model of W. Gértner [102]. In this model
the photocurrent iy, is proportional to the flux of photons @, arriving at the elec-
trode surface and depends exponentially on the absorption coefficient o of the in-
coming light, the layer thickness d, and the band bending which is the deviation of
the electrode potential E from the flat band potential Eg, (Eq. (27)). This relation
holds for a thickness d smaller than the width of the band bending so that the space
charge layer coincides with d and no contribution to the photocurrent arises by dif-
fusion of charge carriers from a deeper part of the passive film with no electric field.
For a large optical penetration depth 1/« > d, the exponential term may be devel-
oped in a Mac Laurin series, which yields Eq. (28). o is given for energies /v in the
vicinity of the band gap energy by Eq. (29). Its introduction in Eq. (28) yields finally
Eq. (30). n = 1 or n = 4 takes account of a direct or indirect band gap. 17 = i,n/e®y is
the photocurrent efficiency of the light.

iph = e®p[1 — exp(—ad+\/E — Ery)] (27)
. 2
lph N _
LtdeCDJ =E-Er (28)
_ n/2
o= constM (29)

hv
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};‘;f: = nhv = const\/(E — Egp)d(hv — E,)"? (30)

n= iph/e(Do
n = 1 direct transition (7hv)* oc hv — E,

n = 4, indirect transition \/nhv oc hv — E,

Anodic Cu oxide layers show all p-type semiconducting properties with cathodic
photocurrents, which decrease with increasing electrode potential. Reports of other
authors of n-type oxides refer often to a formation in solutions with additives as e.g.
halides, which affect the composition of the anodic layer (CuCl) and thus change its
semiconducting character. Several redox systems have been added to the electrolyte
as HyO,, AsO4’~, [Co(NH3)sCl>*, CuO,?>~, or [Cu(C4H304)2]* (Fehling’s solu-
tion) to serve as redox partners [97]. Even the Cu(Il) ions of the duplex film may
serve as a redox partner for photocurrent measurements. Appropriate plots of the
efficiency of the photocurrent # as a function of the light energy /v according to Eq.
(30), i.e. (7hv)*/hv for the direct and (r]hv)l/ 2 /hy for the indirect transition yield the
related band gap energies. Anodic Cu,O has an indirect band gap of 2.5 eV (Fig.
41a) and a direct band gap of 2.9 eV (Fig. 41b). These band gaps decrease with the
oxide thickness to 2.0 and 2.4 eV respectively for thicker Cu,O films electrodeposited
by reduction from alkaline CuO,>~ solutions [98, 86]. For this purpose reduction of a
2 x 1073 M solution of [CuO,]*~ in 5 M KOH at E = —0.235 V was performed on a
Cu surface covered with Cu,O obtained by the partial reduction of the duplex film.
The amount of deposited oxide grows linearly with the reduction time. It has been
grown by this method to more than 30 nm. An interesting feature is the tail in the
plot of Fig. 41a. It suggests a large concentration of states in the band gap with a
smaller energy of excitation. Their high concentration leads to the formation of a
small sub-band that permits electron transfer within the band gap. This electron
transfer across the oxide is required for redox processes in the dark, as well as the
possible imaging of Cu oxides by STM, which will be discussed in Section 7.2.2.

Photocurrent spectra of the Cu,O / CuO,Cu(OH), duplex film suggest a smaller
band gap of the CuO layer with respect to the value of Cu,O [97]. However, the in-
vestigation of a simple anodic Cu(II) oxide layer was not possible. All trials to pre-
pare this layer without a Cu,O contribution were not successful.

The iph2 /E plot yields a flat band potential of anodic Cu,O of Eg, = —0.25 V
(Fig. 42a). The electronic properties of the duplex film are somewhat more difficult
and reflect the influence of both compounds Cu,O and CuO, Cu(OH),. Fig. 42b
shows an iphz /E plot for a duplex film at two wavelengths. For 4 =300 nm, two
straight lines show the influence of the two partial layers. At more negative potentials
mainly Cu,O is dominating the photocurrent with a flat band potential of Egp =
—0.23 V, whereas at more positive potentials the extrapolation of the second line
leads to Epp = —0.00 V, which apparently reflects the influence of the Cu(Il) layer
on top of the duplex film. For A =450 nm one observes the influence of the
CuO,Cu(OH); layer only with a single line whose extrapolation yields Er, = —0.05
V. Apparently, the energy of the radiation at this wavelength is not sufficient to ex-
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Fig. 41. (nhv)" /hv plots of the efficiency of the photocurrent of a Cu/Cu,O electrode in solutions with re-
dox systems for the determination of the band gap for: (a) an indirect and (b) a direct transition [86, 97].

cite photoelectrons within Cu,O, however, for CuO with its smaller band gap a
photocurrent is observed. Fig. 43 depicts the band model of the duplex layer which
explains the results of the iy,/E plots of Fig. 39b with a flat band situation for
the CuO,Cu(OH),/electrolyte interface at £ =0.00 V and for the Cu,O/CuO,
Cu(OH), interface at E = —0.23 V.

The position of the bands within the energy scale has been determined by the
measurements of the threshold energy e®t, with UPS according to Eq. (22) (Section
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Fig. 42. ipy,/E plot of the photocurrent of passivated Cu in 0.1 M NaOH with the Co complex as redox
system, a) Cu/Cu,0, b) Cu/Cu,O/CuO, Cu(OH), (duplex layer) with light of two wavelengths, A=
300 nm and A = 450 nm [86, 97].

4.2.5). The photoelectrons were excited with the He(I) line (hv =21.2 eV). An
emerged oxide-free Cu electrode has a work function of 4.3 eV; the anodic oxides, a
threshold energy of 5.15 eV for Cu,0, and 4.55 eV for CuO.

AE = hy — eDy, (22)
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Fig. 43. (a) Band model for the Cu/Cu,O/CuO, Cu(OH), duplex film on Cu with different flat band con-
ditions; (b) for the Cu,O/CuO interface; and (c) for the CuO/electrolyte interface [98].
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The photoelectrochemical and UPS results yield the energy diagram of Fig. 44 for a
Cu electrode covered with the anodic oxides. For these diagrams an electronic equi-
librium is assumed that leads to the same energy position of the Fermi level for Cu
and its two anodic oxide layers. This situation defines an energetic difference of the
upper valence band edge of Cu,O and the Fermi level of 0.8 eV.

On the basis of this band model of Cu, with its passive layers, one may interpret
conclusively its polarization curve in alkaline solutions with its current peaks and
the potential domains of its anodic oxides. Starting at the flat band potential of
E = —0.25 V, the increasing electrode potential leads to an upward bending of the
energy bands with a final crossing of the valence band with the Fermi level at
E =0.55V (Fig. 45). At this potential, a large accumulation of positive holes causes
the formation of the higher valent Cu oxide and thus the formation of the duplex
film with a redistribution of the potential drop within the two partial layers. The
further increase of the electrode potential causes the crossing of the valence band
edge of the Cu(II) film with the Fermi level at E = 0.95 V which causes a location of
the further increase of the potential at the oxide/electrolyte interface, i.e. within the
Helmbholtz layer. This increasing potential drop accelerates the kinetics of the elec-
trochemical reactions at this interface i.e. the dissolution of Cu?* from the oxide
surface and oxygen evolution.

At the Cu/Cu,O surface redox reactions may be measured also in the dark. Fig.
46 depicts the related energy diagram including the presence of the [Co(NH;)q|**/3+
redox system within the electrolyte. The diagram includes both energy scales i.e. that
related to the vacuum level and that to the standard hydrogen electrode (SHE). The
dark current which has been observed for this system [86] cannot be understood on
the basis of this band model due to a missing overlap of the states of the semi-
conducting oxide and the redox system within the electrolyte. It requires the subband
within the band gap as deduced already from conductivity measurements [87, 88] and
the tailing of the photocurrent spectrum of Cu,O (Fig. 41a). The cathodic photo-
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Fig. 45. Band structure model for passive layers on Cu for increasing potential explaining quantitatively
the formation of the duplex film and the transpassive behavior [86].

current occurs via the conduction band and surface states as also indicated in Fig. 46.
The photo-generated electron-hole pairs are separated in the electrical field of the
space charge layer. The holes travel within the valence band to the metal substrate,
the electrons move in the conduction band towards the electrode surface and are
trapped in surface states form where they are transferred to the redox system.
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Fig. 46. Band structure model of Cu/Cu,O/electrolyte with the space charge layer SCL, the valence band
VB, the conduction band CB, and the sub-band SB formed by interband states, mediating electron transfer
between the metal to the redox states of the Co(IlI) complex within the electrolyte. The formation of elec-
tron hole pairs by photoexcitation and the transfer of electrons to the empty states of the redox system via
surface states SS is also indicated.

The existence of these surface states has been concluded also from photo-
transient measurements in our laboratory. Applying light pulses, e.g. with a chopped
light source to the passivated Cu surface, one obtains an overshoot of the photo-
current, which relaxes with a half-life period of 0.05 s to a stationary value. This ex-
tra current and charge is used to fill the interband states. The rate of formation of
charge carriers due to irradiation contains a generation term via the photoelectrons
in the conduction band and a term for their consumption for the reduction of a redox
system within the electrolyte at the electrode/electrolyte interface. The kinetic evalu-
ation of the photo-transients on the basis of this simple reaction mechanism yields a
trap concentration of N7 = 10'® cm™3 that is independent of the layer thickness and
the redox system within the electrolyte. This result suggests a homogenous dis-
tribution of these interband states across the total layer, which supports the idea of a
sub-band.

7 'The Structure of Passive Layers

The electrochemical properties of passive layers lead to the question of their structure
on a mesoscopic scale and at atomic resolution. Their barrier character with respect
to metal corrosion postulates a dense, poreless film; their electronic properties, in
some cases, crystalline structures. The change of their properties with film aging, as
in e.g. film-breakdown phenomena, support the existence of many defects that may
heal with time. In many cases an amorphous structure is assumed. Some ex sifu
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methods have been applied to get an answer to this question, for instance electron
diffraction for thin, or X-ray diffraction (XRD) for thick, anodic films. Many of
these methods require vacuum conditions. XRD in its conventional form needs film
thicknesses of several 10 nm at least and a crystalline structure. Several authors sug-
gest that only in situ methods are reliable for the determination of the structure of
passive layers due to changes during emersion of the sample. The loss of contact to
the electrolyte and of the potential control, the exposure to the UHV and to an elec-
tron beam might change the structure. Although the structure of passive layers has
been in discussion for many years, thin films of some nm thickness have been inves-
tigated systematically in situ with structure-sensitive methods only within the last 10
years. Two main lines have been followed, methods applying synchrotron radiation
as XRD and X-ray Absorption Spectroscopy (XAS), and the scanning methods like
Scanning Tunneling Microscopy (STM) and Scanning Force Microscopy (SFM).

In a first part of this section, the synchrotron methods are described as they might
still not be so common to many scientists in the field of corrosion research. The
scanning methods are discussed only briefly, as they have been introduced by nu-
merous papers on in situ studies of the structure of electrode surfaces. Several good
reviews are found in literature, and are recommended to the interested reader; they
describe the application of STM to adsorption and Under Potential Deposition
(UPD) metal dissolution and deposition and nano-structuring by deposition of small
metal clusters [103-105]. In a following part, results are presented for a number of
systems that have been studied in detail with special attention to Cu.

7.1 Synchrotron Methods in Corrosion Research

Thin anodic films are a challenging system for in situ structural analysis. They often
are only a few nm thick and are mostly on the surface of their own metal. One
therefore has to apply special methods to enhance the information originating from
the layer and to suppress the contribution of the substrate. Grazing incidence of
X-rays may help to overcome these difficulties. This however requires an extremely
strong X-ray source that is available at the beam lines of synchrotron sources.
Undulator or wiggler beam lines increase the intensity still by more than 1 order of
magnitude, which helps to get a sufficient sensitivity to study even monolayers or less
than a monolayer during adsorption and oxidation studies. Furthermore, the ab-
sorption of the radiation of X-rays in water is a serious problem, especially for XAS.
If the energy of the absorption edge of an element for X-rays is sufficiently high, then
the absorption problems within the electrolyte may be overcome even for a grazing
incidence geometry. The related path of the X-rays gets automatically long to permit
the required interaction with the electrode surface. XAS in reflection mode (Re-
fleXAS) has been applied to the study of Cu with an absorption edge of 8 980 eV or
elements with absorption at higher energies, like Ag at 25 510 eV. The contribution
of the substrate may be suppressed in principle if the angle of incidence is below its
critical value of total reflection, i.e. of 0.35° for Cu and 0.13° for Ag. This situation
is a consequence of the higher optical density for X-rays for the vacuum in compari-
son to metals.
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Two special electrochemical cells are used for XRD and XAS measurements. In
one case a polymer membrane is pressed on the specimen surface after its electro-
chemical treatment to reduce the water layer on top, but still permitting potential
control during the measurements. In an other case the beam penetrates an electrolyte
layer in front of the electrode, which corresponds to the specimen’s dimensions, but
which is thick enough to reduce the danger of ohmic drops and crevices. Beam lines
often provide the exact orientation of the samples with the cell by a goniometer. For
XAS measurements a special low cost refraction stage has been constructed which
permits the orientation of the sample within 0.01 degrees and which has been used
for the study of several systems [108].

7.1.1 XAS and RefleXAS

The fine structure of XAS in the range up to some 100 eV from the absorption edge,
i.e. the Extended X-ray Absorption Fine Structure (EXAFS), contains information
on the near range order of the surface layers under study. The absorbed X-rays cause
the ionization of electrons from the core level of the related absorption edge. These
outgoing electrons are reflected from the electrons of the coordination shells of the
central absorber (Fig. 47). As a consequence, the outgoing electron wave interferes
with the reflected electron wave and the background-corrected relative-absorption
coefficient (¢ — 1)/, consists of oscillations. Thus these EXAFS oscillations are an
interference phenomenon due to electron reflection at the coordination shells of the
absorbing atoms under study. The distance of the coordination shells R; determines
together with the phase shift J; whether this interference is constructive or destructive
according to the EXAFS function y(k) of Eq. (31). This equation sums the contri-
bution of several coordination shells. Its amplitudes 4; are a function of the coordi-
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nation number N;, the reflection amplitude f;, depending on the kind of the reflecting
atoms, the exponential Debye—Waller factor, containing the mean-square displace-
ment due to thermal and structural disorder o;%, and the exponential attenuation of
the electrons due to inelastic interactions with the material with their mean free path
A(k) (Eq. (32)). Some of these variables depend on the wave vector k, and thus on the
kinetic energy of the ejected electrons (Eq. (33)).

(k) =”;O"° = 3" 4;(k) sin[2kR; + @ (k)]; (31)
2R
) = N 2622 M
4y(k) = Nifj(k) exp(~207K%) —— 5 (32)
J
k= () () (3)

With a Fourier transformation of y(k) in the distance space, one obtains a separation
of the contribution of the various coordination shells. This Fourier transform yields
the structural parameters R;, N; and g;, and thus the near range order of the speci-
men with respect to the absorbing atoms. The EXAFS analysis for the different ab-
sorber atoms within the material yields their specific near range order. Thus, one may
get the structure seen form several kinds of absorbing atoms. EXAFS does not re-
quire highly crystalline materials. It is a suitable method to study disordered, or even
amorphous, structures. The g—values provide quantitative information about the
thermal and structural disorder.

The reflectivity spectra R(E) and the reflectivity-EXAFS yg(E) = [R(E) —
Ro(E)]/Ry(E) are similar, but not identical, to the absorption spectra and y(E)
obtained in transmission mode. R(E) is related to the complex refraction index
n(E) =1-0(E) —if(E) and S(E) to the absorption coefficient u(E) by f = ul/4x.
f and ¢ are related to each other by a Kramers—Kronig transformation. § and J may
be also separated in an oscillatory (Af, Ad) and non-oscillatory part (f,dp) and may
be used to calculate yy. This is, briefly, how the reflectivity EXAFS may be calcu-
lated from p(E), which itself can be obtained by experimental transmission EXAFS
of standards, or by calculation with the help of commercial programs such as FEFF
[109] with the parameters R;, N; and g;, which characterize the near range order. The
fit of the simulated to measured reflectivity yields then a set of appropriate structure
parameters. This method of data evaluation has been developed and has been ap-
plied to a few oxide covered metal electrodes [110, 111]. Fig. 48 depicts a condensed
scheme of the necessary procedures for data evaluation.

Several papers investigate passive metals with EXAFS on a qualitative basis
[112], or examine the structure of the leading edge of absorption, the so called X-ray
Absorption Near Edge Structure (XANES) [113], to get in situ information on the
kind of oxide that has been formed. It should be mentioned, however, that the
changes at the absorption edge, which are related to the chemical properties of
the surface layer, are small and the superposition of the absorption of the substrate
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Fig. 48. Scheme for the calculation of the X-ray reflectivity from experimental transmission EXAFS of
standards or calculation with a first set of structure parameters (R;, N;,g;) and the fit procedure with the
experimental reflectivity using the program FEFF.

and a possible multilayer structure lead to mixed information, which is hard to be
separated. Nevertheless, in situ XANES studies of passivated iron suggest by com-
parison of absorption edges of standards the presence of a spinel-like structure, i.e.
Fe;04 or y-Fe,O3 [113]. An additional option of XANES is the close relation of the
change of the height of the absorption edge to the amount of the thin film material,
which may be lost partially by dissolution during anodic polarization [114]. How-
ever, these results may be obtained also by XPS of emerged electrodes, which has
been described already above. The ex sifu conditions are not a serious problem for
most systems if one takes care for a special specimen handling (closed system), their
advantages are obvious. Experiments at a beam line require a large effort and expe-
rience besides the always-restricted beam time. The main advantage for the applica-
tion of synchrotron methods should be seen in the excellent possibility for the in situ



348 Hans-Henning Strehblow

determination of the structure of thin layers on electrodes, which is possible only for
very few other analytical tools, e.g. the scanning methods STM and SFM, which
provide additional information.

There exists still a problem for the evaluation of reflectivity EXAFS data.
Although the experimental data were obtained with a grazing incidence angle of 0.0
to 0.2 degrees, passive layers are too thin to avoid a contribution of the substrate.
These studies require of course extremely flat and smooth specimens, realized with
vapor-deposited films on such appropriate substrates as float glass or silicon wafers.
However, even below the critical angle of total reflection the electromagnetic wave
penetrates ca. 2 nm into the electrode surface with an exponential decrease of its in-
tensity [115]. Furthermore, passive layers have a multilayer structure, which has been
found for many systems by XPS and ISS analysis. As a consequence, the calculation
of the reflectivity of actual specimens has to occur on the basis of a multilayer model
including the substrate contribution to meet the experimental situation. The experi-
mental effort of grazing incidence studies may be overcome with the investigation of
extremely thin vapor-deposited films in the range of only up to 5 nm, which may be
consumed completely by anodic layer formation with practically no remaining metal.
With a thin membrane as a substrate, studies may be performed from the rear side of
a specimen with the front being in contact with the electrolyte. In this case the mea-
surement of X-ray fluorescense is the appropriate method to take the X-ray spectra.
This concept raises the question whether the anodic films keep their structure when
they are no longer in contact to their substrate. Furthermore, the formation of a
continuous metal film cannot be guaranteed for < 5 nm thickness only. Thicker films
will contain remaining metal underneath, which will contribute to the spectra as in
the case of a solid bulk electrode.

Fig. 50 depicts the measured and simulated reflectivity spectra of the passive film
on Cu45Ni. In these calculations enter the structural parameters of an outer Ni(OH),
and an inner CuO layer, which meets the somewhat simplified results obtained from
XPS measurements. Fig. 50 presents the results of a specimen after electrochemical
reduction at £ = —0.90 V with only an air-formed oxide film and after its passi-
vation at £ = 0.50 V. The reflectivity-XAS for both elements Cu and Ni is shown
simultaneously. The best fit from the passivated specimen is obtained with an inner
1.5 Ni(OH), and an outer 1.0 nm CuO layer on the Cu45Ni substrate. Differing
thicknesses and a reverse sequence of the partial layers yields less agreement of the
measured and calculated results. The Fourier transform of the Cu and Ni part of the
reflectivity is in agreement with the simulated data and yields a near range order of
the proposed crystalline materials of the assumed bilayer structure (Fig. 49) [108].
The most remarkable change is the appearance of the metal-oxygen distance at 0.15
nm of the passivated specimen especially for the Ni signal and to a much smaller
extend for the Cu signal. This is in agreement with the dominating contribution of Ni
to the anodic layer as found by XPS and ISS studies (see Section 5.2.6).

As another example, oxide films on a vapor-deposited Ag substrate are presented
[116]. Detailed XPS investigations show the development of Ag,O already 0.15 V
below its equilibrium potential of £ = 0.35 V [ 115]. Fig.50a presents the k-weighted
Fourier Transform of the reflectivity-EXAFS, FT(ARk), of a 2.5 nm thick oxide film
formed in 1 M NaOH at E = 0.40 V at an angle ® = 0.09° relative to the surface.
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Fig. 49. Comparison of the Fourier Transform of the RefIEXAFS of the Cu and Ni region of a reduced
(E=—-0.9 V) and passivated (E =0.5 V) Cu45Ni electrode and the calculated results with 1.5 nm
Ni(OH),/1.0 nm CuO/Cu45Ni [108].

The critical angle of total reflection is at the energies of the Ag absorption edge very
small, i.e. 0.13° for Ag and 0.11° for Ag,O. Even for angles below 0.1° the penetra-
tion depth of the X-rays is ca. 2.4 nm with an information depth of ca. 7 nm for the
exponential decrease of their intensity. Therefore, Fig.50a contains also the con-
tributions of the substrate and the experimental results have to be compared to sim-
ulations presented in Fig. 50b as described above. A best fit was obtained for a 2.7
nm thick crystalline Ag,O film on Ag metal. The peaks at 0.14 nm refer to the Ag—O
distance and are absent for an oxide-free metal film. The pronounced peak at
0.27 nm belongs to the Ag—Ag distance of the substrate. The peak at R = 0.38 nm of
the simulation belongs to the second Ag—Ag coordination of Ag,O. However, it is
missing in the experimental results. This indicates a rather defective structure of this
thin anodic oxide that has been formed just above the equilibrium potential. Further
coordination shells of Ag,O cannot be seen because they interfere with the shells
of the metal substrate. The peaks at R = 0.43, 0.48 and 0.52 nm refer to the 2", 34
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Fig. 50. Fourier Transform of: (a) RefIEXAFS of Ag passivated at £ = 0.45 V (missing peak at 0.38 nm)
in 1 M NaOH and its comparison to (b) the calculation with 2.7 nm Ag,O on Ag [116].

and 4" coordination shells of the metal substrate. If the film has been formed at
E =0.41 V the small peak at 0.38 nm appears also in the experimental data (Fig.
51). A decrease of the angle to ® = 0.9° enhances the oxide signals relative to those
of the metal substrate. Ag,O films exceeding the information depth permit a study of
the anodic films without contributions of the substrate. Fig. 52 presents the Fourier
Transform of a thick layer formed in 1 M NaOH at £ =0.70 V and its excellent
agreement with the simulated data for a 70 nm Ag,O film on Ag. More than 5
coordination shells may be seen which strongly supports the presence of a crystalline
film which is also supported by the coincidence of the structural parameters like R,
N, and ¢ of the reflectivity- and the transmission-EXAFS of the anodic film and a
Ag,O powder specimen respectively.

Film formation in 1 M NaOH at potentials £ > 0.72 V or the oxidation of
anodic Ag,O at these potentials yields a thick AgO film. These films have been in-
vestigated qualitatively and quantitatively in detail with XPS. The width of the Ag
3d5/2 XPS signal suggests the presence of two Ag ions, Ag™ and Ag*", which has
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Fig. 51. Fourier Transform of RefIEXAFS of a Ag specimen passivated in 1 M NaOH at 0.41 V with

appearing peak at 0.37 nm [116].

been already proposed from the XRD analysis of the bulk material [117]. This result
is additionally supported by reflectivity-EXAFS [119]. Fig. 53 shows the Fourier
transform of a AgO film with more than 7 coordination shells demonstrating its
crystalline structure. The first two shells refer to the Ag**—O distance with planar
quadratic coordination and the Ag*"—O shell in linear coordination. The 3 smaller
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Fig. 52. Comparison of the Fourier Transform of RefIEXAFS of Ag passivated in 1 M NaOH at E =

0.70 V with calculated data with 70 nm Ag,O on Ag[116].
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Fig. 53. Fourier transform of RefIEXAFS of Ag passivated at £ = 0.75 V showing 8 coordination shells,
ca. 90 nm AgO on Ag [119].

peaks of Fig. 53 refer to a Ag—O coordination with R = 0.265 nm, 0.277 nm and
0.289 nm. The peaks 6 and 7 belong to the Ag’*—Ag® coordination at R =
0.325 nm, 0.336 nm, 0.340 nm, and 0.348 nm. These results of reflectivity-EXAFS
agree well with those of transmission EXAFS studies of crystalline bulk AgO speci-
mens. The back transform of the truncated first two shells into the k-space yields
after the fit of the phase and amplitude [109] the structural parameters that are pre-
sented as a function of the potential of formation in Fig. 54. Although the structural
parameters of transmission-EXAFS of crystalline bulk specimen fit closely to crys-
tallographic data of crystalline AgO deviations are found for the anodic films. Start-
ing with the data of anodic Ag,O the first Ag—O shell of Ag,O splits in two shells
with the distances R; and R, when the oxidation to AgO occurs at potentials
E >0.725 V (Fig. 54a). The Ag—O distance of 0.195 nm for Ag,O decreases to
0.192 nm for the Ag*>*—O distance of the first AgO coordination shell. The Ag"—O
distance of 0.214 nm for the second coordination shell is considerably larger. Both
values are smaller than the XRD data. Recent ex situ EXAFS studies in transmission
of polycrystalline AgO, and AgO obtained by chemical oxidation of Ag in NaOH,
yield similar results [118].

The most remarkable changes are found for the coordination numbers N (Fig.
54b) [119]. They stay constant at N =2 for the Ag*—O shell, but change contin-
uously with the electrode potential from 2 to 3.6 without reaching the expected value
N = 4. Apparently this anodic AgO layer is a highly oxygen-deficient. It has been
proposed to describe the composition of this anodic oxide as Ag,O3 [118]. This result
is supported by quantitative XPS studies of anodic layers on emerged Ag electrodes.
According to these data, the O/Ag ratio changes after oxidation from 0.5 for Ag,O
to ca. 0.8 in the potential range of E = 0.725 to E = 1.1 V (Fig. 54c).
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Fig. 54. (a) Radius R and (b) coordination number N from RefIEXAFS data of the first two coordination
shells of anodic AgO layer; and (c) No/Na, atomic ratio from XPS analysis of Ag with anodic AgO layer
formed for 600 s in 1 M NaOH at E > 0.725 V as a function of the potential [119].
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Some further passivated metals have been studied with reflection-EXAFS. For
Cu passivated at £ = 0.80 V in 0.1 M NaOH and partially reduced at £E = —0.30 V,
the Fourier Transform of AR shows a very good agreement with the simulated data
with 3 nm cuprite on Cu for three incident angles ® = 0.15°, 0.25° and 0.40° [108].
The measured reflectivity EXAFS of passivated Cu requires an evaluation by com-
parison with simulated data. Here again, the thin oxide film cannot avoid a contri-
bution of the metal substrate. The increasing angle causes the expected decrease of
the signal of the Cu—O distance relative to that of the Cu—Cu distance of the metal
substrate. Apparently, the anodic oxide film has a cuprite structure. This result is
supported by in situ transmission EXAFS studies of a Cu,0 layer formed on a glassy
carbon substrate by cathodic reduction of alkaline CuO?~ solutions [120]. Similar
results are obtained for an in situ Reflection EXAFS study of a Cu film with an
Cu,0 layer formed, as mentioned above, by anodic oxidation in 0.1 M NaOH at
0.80 V followed by a partial reduction at £ = —0.30 V. For these measurements, a
3.6 mm broad Cu—film on float glass has been examined in the specially designed
electrochemical cell instead of a specimen with an optimum length of 1.5 mm, which
is too difficult to handle within the cell. The comparison of the experimental results
with the simulations suggest the presence of ca. 3 nm crystalline Cu,O on a Cu metal
film (Fig. 55).

A further possibility to overcome the influence of the substrate entails the use of a
very thin film or a metal monolayer on a foreign substrate. For this purpose, UPD
layers of Cu on Pt have been investigated [121]. When Pt clusters were used on a
carbon substrate in situ, EXAFS investigations in transmission became possible due
to the very large specific surface, and thus a sufficiently large amount of electro-
deposited Cu. After reduction of the substrate and UPD deposition of Cu from
10— M CuSOy in 1 M H,SOy at appropriate potentials, the Cu monolayer could be
oxidized and reduced in 1 M NaOH without its loss by dissolution into the electro-
lyte. A similar dissolution-resistant behavior is observed for UPD layers of Cu on Pt
single crystal surfaces, however, with its stability depending on the orientation of the
surface of the substrate. For these specimens, the near range order structure and its
change during oxidation could be followed in situ by EXAFS. It should be men-
tioned however that the structure of a monolayer of Cu oxide on a Pt substrate is
definitely different from a thin anodic oxide film on a Cu surface. The structural data
include also Cu-Pt distances besides the coordination shells of Cu and O in the two
dimensional lattice [121]. Furthermore, there are indications of a mixing of the Cu
oxide with Pt oxide at the electrode surface, which, however, seems to be reversible
when reduced.

7.1.2 X-Ray Diffraction

XRD requires a periodic two- or three-dimensional structure at the surface of a
specimen. The measurements are performed in a similar electrochemical cell as de-
scribed for XAS. The removal of the electrolyte due to the pressing of the polymer
window on the specimen surface reduces the disturbing X-ray scattering from water.
The grazing incidence geometry weakens the contribution of the diffraction of the
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X-ray beam of the metal substrate. XRD has been applied for the investigation of
the structure of various adsorbate layers. Only very little work has been performed
for the study of passive layers, partially because these layers on several metals are
amorphous or their structure is seriously disturbed. However, interesting results are
obtained for passive layers on Ni and Fe. For the determination of the structure of
passive layers on iron, in situ and ex situ XRD results have been compared [122]. The
evaluation of the various diffraction peaks suggests the presence of a spinel-type y-
Fe,03 or Fe;O4 with similar lattice parameters in plane and perpendicular to the
substrate of 0.839 nm and 0.83 nm, respectively. These distances are mainly deter-
mined by the close packing of the oxygen ions. No other oxide or hydroxide is in
agreement with these parameters. The oxides are epitaxially oriented, oxide (001)
parallel to Fe(001) and oxide (111) parallel to Fe(110). The T (10) direction is paral-
lel to Fe(100) due to the similarity of the oxide (220) and the Fe metal (100) plane
with spacings of 0.296 nm and 0.289 nm. A more detailed evaluation of the diffrac-
tion data suggests a highly defective spinel structure with a large number of cations
in interstitial positions. The average lateral size of the oxide crystallites is determined
to 6.0 and 4.5 nm for the Fe(001) and the Fe(110) surface. The diffraction intensities
grow with time reaching asymptotically a constant value after ca. 2 days. This ob-
servation is explained by a growth of the crystals or a thickening of the film with
time. These results agree well with those obtained by STM investigations [123]. XRD
does not provide information on possible contributions of amorphous constituents of
the film, or even an outer amorphous hydroxide and an inner crystalline oxide part.
However, this cannot be expected from the application of a method that measures
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ordered structures. Therefore, a combination of XRD with XAS and the scanning
methods like STM and SFM provides a better insight into these complicated struc-
tures. XRD results on passive layers on Ni are mentioned in combination to studies
by STM in the following section.

7.2 Scanning methods, STM and SFM

STM and SFM investigate the local structure of specimen surfaces with a high lateral
resolution, including atomic resolution. Both methods sample the surface only and
thus cannot provide information of the in-depth structure of a surface layer. They
also give a direct image and thus a very clear insight into the surface structures.
These methods are therefore a valuable addition to XRD, which samples the average
of the structure of a surface film. They are widely used for investigations of solid
surfaces including in situ studies of electrode surfaces. Many reviews have been pub-
lished so that no detailed explanation of these methods is intended. Successful mea-
surements require a careful surface preparation of the single crystal surfaces with re-
spect to both the chemical cleanliness and the formation of large, flat, and atomically
smooth terraces. Tips of tungsten and platinum-rhodium are usually prepared by
electrochemical etching. They have to be isolated by wax or a resin to avoid as much
as possible electrochemical reactions of the tip materials, including disturbing cur-
rents of redox reactions. Usually an electrochemical leakage current of less than 1 nA
is tolerated. Although various recipes are applied by the different groups, a very
common and reliable procedure is the electrochemical etching of a tungsten wire in
non-stirred 3 M NaOH till the lower part of the wire falls off and the subsequent
coverage of the freshly formed tip with Apiezon wax. The images were taken with a
constant tunnel current during the scan of the tip across the specimen’s surface with
the adjustment of the distance to keep the current constant. One thus samples the
topography and the electronic properties of the sample surface. A bipotentiostat
permits setting the electrode potential and the tip bias independently of each other.
Unfortunately the built-in commercial potentiostats of electrochemical STMs are
very slow, meaning fast-pulse methods for an in situ specimen preparation require the
intermediate connection to a fast potentiostat and the subsequent reconnection to the
electronic circuit of the STM. This may be done using fast relays. A specimen prep-
aration by fast potentiostatic transients permits the investigation of fast-developing
surface structures, the growth of which may be stopped by an appropriate potential
step. As an example, the investigation of initial stages of localized corrosion may be
mentioned [124]. These corrosion structures of a few nm size grow within less than
1 ms on passive metal surfaces in the presence of aggressive anions, e.g. chloride at
sufficiently positive potentials and stop growing after a potential step to negative
values where they may be examined with the relatively slow STM method within ca.
I min. It should be mentioned that fast STMs have been developed and applied for
an imaging of processes at solid surfaces in the UHV and in electrolytes with atomic
resolution and high time resolution. Low temperatures or low electrode potentials
with a blocking of the surface by strongly adsorbed species slows the kinetics so that
the movements and reaction of species may be followed. In this way, surface diffu-
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sion and reaction of molecules at catalysing surfaces [125] and the dissolution of Cu
at the steps of Cu(100) terraces inhibited by adsorbed chloride have been studied
successfully [126].

SFM applies a commercial tip of Si or SiN, which follows the topography while
scanned across the specimen’s surface. Usually the beam of a laser is reflected at the
rear side of the cantilever and transfers the changes of the deflection to a photo de-
tector. Its signal composes the image of the surface topography. Although more dif-
ficult, one may achieve atomic resolution of surface structures with a sufficiently
sharp tip. The tip feels the repulsive forces of the sample surface. Besides the contact
mode, the tapping mode may be applied; this reduces the interaction of the tip with
the sample surface. This soft treatment preserves soft surfaces like those of polymers
and biological material, which otherwise may be seriously damaged. Besides the
topography, also the mechanical properties like the hardness may be measured. One
major advantage of the method with respect to STM is that it does not require elec-
tronic conductivity of the specimen. One thus may study even surface layers of in-
sulating materials. Therefore SFM is successfully applied in industry with moderate
lateral resolution, whereas STM is used mostly for fundamental research in electro-
chemistry and corrosion research. The requirement of conductivity for STM may be
seen as an appropriate possibility to get further information with respect to the elec-
tronic properties of surface layers. The ideal situation is of course the application of
both methods to get better insight into the properties of surfaces and surface layers.

The investigation of anodic oxide on various metals shows that at first usually
amorphous structures are formed with a dense coverage of the terraces with grains,
which change to nano-crystallites with time. The extent and the rate of this change
depend on the system under study. This crystallization occurs for Cr within hours
[127], whereas Cu keeps the amorphous grain structure for a very few minutes only
and develops a well-ordered, faceted, crystalline layer covering the whole electrode
surface [128, 129]. In the next section, the details of the structure of layers formed on
Cu are discussed, followed by a summary of some other more reactive metals like Ni
and Cr.

7.2.1 The Passive Layer on Cu

Cu is a suitable subject for in situ STM studies of anodic oxide formation. Usually
the investigation of Cu single-crystal surfaces involves mechanical polishing with
diamond spray to a final 0.5 pm grading, and thereafter cleaning with alcohol and
water, electropolishing in 20% orthophosphoric acid. Annealing in hydrogen gas at
600 °C overnight helps to enlarge the size of the terraces. Pre-existing, air-formed,
thin oxide layers after this pre-treatment may be easily reduced at negative potentials
within the electrochemical cell of the STM, which yields a flat and undisturbed
structure of the terraces. Apparently, the surface mobility of Cu atoms formed by
reduction of a thin, air-formed film is sufficient to be deposited at the step edges of
terraces, thus avoiding any roughening of the metal surface. Very detailed inves-
tigations have been performed on Cu(111) in alkaline solutions. The polarization
curve of Cuin 0.1 M NaOH has been already presented in Fig. 24. Besides the peaks
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Fig. 56. Polarization curve of Cu(111) in 0.1 M NaOH in STM cell with peaks of OH-adsorption 4’ and
OH-desorption C’ [130].

of oxide formation Al and AIl and their reduction at CII and CI one observes a
small anodic 4’ and cathodic peak C’ at E = —0.46 and —0.71 V respectively (Fig.
56). These peaks have been ascribed to the formation of an adsorption layer of OH~
on the Cu(111) terrace according to Eq. (34) [130], which is in agreement with studies
with Surface Enhanced Raman Spectroscopy of Cu(111) in NaOH [131] and poly-
crystalline Cu [132] in perchlorate solutions. In situ SFM studies on Cu(111) and
Cu(110) in acidic perchlorate solution yield also ordered superstructures due to OH
adsorption [133, 134].

Cu+OH™ — Cu-OH,g + ¢~ (34)

The charge of the anodic and cathodic peak amounts to 55 pC cm~2 which corre-
sponds to a surface concentration for OH adsorbates of 0.34 10'> cm~2. The density
of Cu atoms on the Cu(111) terraces is 1.75 10'> cm~2. These numbers yield a surface
coverage of 0.19 of a monolayer if a 1 to 1 relation of OH to Cu is assumed [130].
The in situ STM images at E = —0.60 V show a dark structure which starts to
grow preferentially at the step edges and extends slowly within ca. 180 s across the
whole terrace [130]. These changes occur faster with increasing potential. The image
gets much clearer than before at more negative potentials, where frizzy steps at the
terraces are observed due to a high surface mobility of the Cu atoms (Fig. 57a—c).
Parallel to this process, the terraces get larger and bright spots appear at its end. At
larger magnification, one observes a well-ordered hexagonal structure with a charac-
teristic lateral parameter of 0.6 nm, which is quite different from the expected 0.256
nm of the Cu substrate surface (Fig. 57d,e). Two orientations with 10° and 20° ro-
tation relative to the substrate lattice are found. According to Wood’s notation, they
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Fig. 57. (d), (e) detailed image of the reconstructed Cu (111) surface [130].

have a (v21 x v21)R.10° and a (v49 x v49)R.20° structure (Fig. 58). The coinci-
dence cells contain 4 or 9 cells of the adsorption layer, and 21 or 49 of the substrate.
Assuming 1 OH ion for each mesh, one gets again an atomic ratio OH to Cu of 0.19
or 0.18 in close agreement with 0.19 for the electrochemical results. The small bright
spots of Fig. 57e refer to oxygen vacancies. Their apparent height corresponds to
0.05 nm as for the difference between the surface with and without OH adsorbate.
The dark spots of Figs. 57a to c suggest a 0.05 nm lower position, which, however, is
an artifact. It is well known from studies in the UHV that the adsorption of oxygen
reduces the tunnel current which requires a closer approach of the tip to the surface
to keep it at the preset value [135]. Thus, this observation is an electronic rather than
a topographic effect. The observed structures are caused by adsorption of OH™ from
the alkaline electrolyte, which goes along with a reconstruction of the Cu(111) sur-
face. This reconstruction causes a decrease of the Cu concentration at the surface and
a diffusion of ejected atoms to the step edges, with a related growth of the terraces.
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Because of the advancing adsorption structure and its formation at the inner parts of
the terrace, some still-unreconstructed surface areas remain. At these sites, the Cu
atoms form islands with an apparent height of ca. 0.2 nm, which are the bright spots
within the otherwise fully reconstructed Cu surface at the end of the process (Fig.
57¢). When the surface is progressively covered by the OH adsorption layer, the ex-
cess Cu atoms are trapped and can no longer diffuse at the Cu surface to the step
positions. A diffusion across the adsorbate layer does not occur. A slight decrease of
the electrode potential to £ = —0.70 V reverses the adsorption and surface recon-
struction and the smooth terrace, with its original size, is restored. The reaction rate
at the surface increases with the electrode potential due to a larger driving force. At
E = —0.65 V the whole process is completed within 380 s, whereas only 70 s are
required at £ = —0.55 V.

The Cu surface concentration is apparently reduced after its reconstruction. A
very interesting feature is the close match of the structure of the OH adsorbate layer
and that of the oxygen atoms in the (111) plane of crystalline Cu,O (cuprite). In the
[111] direction cuprite consists of Cu planes embedded between two O planes. The
hexagonal packing of the O planes have a 2 x 2 structure with respect to the Cu
plane with atomic distances of 0.604 nm and 0.302 nm respectively. 0.6 nm is also the
length of the unit cell of the adsorbate structure as determined by STM. OH ad-
sorption on an unreconstructed Cu(111) surface would have 5 Cu atoms per unit cell
with only 20% of an OH monolayer with respect to the densely packed Cu(111)
plane. This result suggests a reconstruction of the Cu surface to match the structure
of cuprite and the transfer of 20 % of the Cu atoms to the edge positions of the
terrace during OH adsorption. This leads to the growth of the terraces during the
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adsorption process as observed with STM. Thus, the O/Cu ratio increases to %, which
refers to the cuprite structure.

According to the polarization cure of Fig. 24, anodic oxide formation is expected
at £=-0.20 V in 0.1 M NaOH. STM images show the formation of small oxide
grains starting preferentially at the step edges, but also within the Cu(111) terraces.
They take over the whole terrace with time (Fig. 59a). The rate of formation of these
oxide grains depends apparently on the electrode potential and time of passivation
and the pH of the solution. One observes a very slow oxide formation first at
E =-0.22 V, which gets faster with increasing potential (—0.17 V, —0.12 V). At
E = —0.12 'V a fast formation of many grains is observed covering the whole surface.
In borate buffer pH 9.3, oxide grains appear at £ = 0.0 V in agreement with the
predictions of the Pourbaix diagram with a —059 V/pH shift of the potential of oxide
formation. In the potential range of E = —0.01 to 0.0 V, the STM images show in
borate buffer pH 9.3, a roughening due to a slow step-flow on the Cu(111) surface
caused by metal dissolution at the steps of the terraces. The formation of oxide
grains at the steps blocks the dissolution at these sites. At 0.01 to 0.03 V, the faster
nucleation and growth of grains leads to a complete coverage of the surface by oxide
nuclei and the formation of a three-dimensional oxide film [89]. This process is com-
pleted within ca. 100 s at £ = 0.03 V and is much faster at more positive potentials
due to a larger driving force. Although the oxide grains nucleate preferentially at the
step positions, they are also formed on the terraces. At £ > 0.05 V the image is lost
in borate buffer pH = 9.3 due to the growing film thickness and its low electronic
conductivity. The small oxide nuclei in both solutions have a diameter of 1.5 to 3 nm
and a height of 0.25 to 0.3 nm, which is slightly higher than the monoatomic step of
the terrace. The oxide grains show no indication of a crystalline structure. They have
an approximately disc-like form and do not show any epitaxial relationship with the
Cu(111) substrate. No atomic structure could be resolved on these grains at pH 9.3
even after 1 hour of anodic oxidation. Therefore, one may conclude that these gran-
ular anodic films are non-crystalline. From the charge of potentiodynamic reduction
of a layer formed at 0.03 V for 300 s, one may calculate a layer thickness of 0.8 nm,
which corresponds to two (100)-oriented elementary cells of cuprite on top of each
other. At 0.06 V the STM images become unstable in borate buffer with the growth
of the film and are finally lost.

A completely different result is obtained in 0.1 M NaOH for prolonged anodic
polarization [90, 129]. Ca. 2 min after the oxide grains appeared, triangular struc-
tures with sharp edges are formed and take over the whole surface, indicating a
crystalline structure of the oxide layer. These oxide crystals have a high density of
steps, as shown in Fig. 59b. The width of these regular facets is 1.5 nm. It is very
likely that the epitaxial relationship of the Cu,O crystals to the Cu(111) substrate
causes stress and the faceting leads to its release. At higher magnification one
observes an atomic lattice on these narrow terraces with a hexagonal structure and
ca. 0.3 nm atomic distance [129]. Apparently, STM images the periodicity of the Cu
planes of the abovementioned cuprite structure in the (111) orientation. It is still not
fully understood why the (111) plane of the Cu,O (111) crystals is not terminated by
the oxygen structure. For the STM image of the oxygen plane of cuprite, one expects
a 0.6 nm distance. A possible explanation could be an adsorption layer of OH with a
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Fig. 59. (a) Cu,O oxide grains; and (b) later-appearing, faceted Cu,O oxide crystals formed on Cu(111) in
0.1 M NaOH at E = 0.2 V. Insert: atomic resolution of hexagonal structure showing the of Cu—Cu dis-
tances of (111)-oriented cuprite [128, 129].

one-by-one relation to the Cu ions. Angular resolved XPS measurements of passi-
vating anodic Cu,O layers on Cu(111) show indeed an OH layer on top of the oxide
[136]. For energetic reasons the passive film should not be terminated with a Cu*
plane. An outermost OH or O plane is required to render electroneutrality to the



364 Hans-Henning Strehblow

surface film due to the formation of complete O—Cu—O sandwiches in the [111]
direction.

The Cu(100) surface shows in 0.1 M NaOH a similar anodic and cathodic peak
both at E = —0.8 V [137]; however, no reconstruction of the surface could be found.
This is presumably not necessary because the Cu(100) surface is less densely packed
in comparison with Cu(111) and matches already the cuprite structure. Similarly, the
close match of the anodic and cathodic peaks without a hysteresis is an additional
indication for a faster adsorption process, whereas the surface reconstruction of
Cu(111) with the diffusion of the Cu atoms to the step edges slows the adsorption
process. The anodic film forms at first also a granular structure and a final crystalline
film. First STM studies suggest an orientation of Cu(100) parallel to Cu,O(100) with
a distance parameter of 0.3 nm which corresponds again to the Cu—Cu distance
within the cuprite structure.

SFM yields corresponding results to those found by STM investigations [138].
In these studies the periodicity of the O~ ions has been imaged with a distance of
0.60 nm and 0.43 nm for the anodic Cu,O film on Cu(111) and Cu(100) respectively.
The Cu,O lattice is found with the oxide plane (111) parallel to Cu(111) and the ox-
ide plane (100) parallel to the Cu(100) substrate.

Reduction of thin Cu,O layers reproduces smooth terraces of the Cu surface,
however, with multi-atomic steps in between. This result is further proof for the high
surface mobility of Cu atoms on pure Cu(111) terraces. Reduction of the thicker
duplex film yields a rougher metal surface. During the rearrangement of several
atomic layers smooth large terraces cannot be achieved.

The Cu,O / CuO, Cu(OH), duplex layer which grows at potentials positive to
peak AII consists in 0.1 M NaOH of large crystals with sharp edges. Large terraces
of up to 20 nm and with steps of 0.3 nm are achieved. This layer is apparently crys-
talline and an ordered structure could be resolved at larger magnification.

7.2.2 Mechanism of STM Imaging of Anodic Oxides on Cu

The imaging of anodic oxides raises the question about the necessary electron trans-
fer. A thin film of less than 1 nm permits direct tunnelling from the tip to the sub-
strate metal. However, if the film thickness exceeds ca. 1 nm, then tunnelling should
not be possible according to relation 35 for the tunnel probability, which contains the
energy AE and the width x for the barrier of the tunnel process and the effective mass
of the electron m*. If the oxide layer is thicker than 1 nm, then the electrons have to
tunnel

w; = exp (— 2\/;;7?)6\/@) (35)

from energy states close to the Fermi level of the tip to states within the oxide layer,
from where they have to move to the metal substrate. The energetic position of the
bands have been discussed in detail in Section 6.2 (Figs. 44, 46) With these results
one obtains the energetic relation of the electronic levels within the tip and the oxide-
covered specimens depicted in Fig. 60. For a stable STM image, one requires occu-



Passivity of Metals 365

pied states within the tip and empty states within the passive layer at the same energy
level. With the applied electrode potential and the tip bias the occupied levels of the
tip are at a level within the band gap of the oxide layer so that an electron transfer
should not be possible. However, as described in detail, Cu,O has a high density of
localized states within the band gap, which even form a small sub-band and may
mediate the electron transfer from the tip to the Cu substrate. These states have been
postulated to explain the electronic conductivity of crystalline Cu,O and the electron
transfer for redox reactions of oxide-covered Cu electrodes in the dark. If this sub-
band is located at the Fermi level, then it easily may explain the necessary electron
transfer through the oxide film. Consequently there is no problem for a stable STM
imaging of anodic oxide layers on Cu as has been found experimentally in strongly
alkaline solutions as e.g. for 0.1 M NaOH (pH = 12.9). Figs. 60a and b depict the
situation for the flat band potential and a more positive potential.

A similar situation arises for the Cu;O / CuO, Cu(OH), duplex film at more
positive potentials. In this case the sub-band extends through both parts of the pas-
sive layer. At sufficiently positive potentials, even an electron transfer to the empty
states of the conduction band becomes possible (Figs. 60c and d).

There is some difficulty for the passive layer formed in borate buffer pH 9.3. In
this case only the very thin Cu,O film could be imaged. When this film gets thicker at
E > 0.05V, the image is lost. This observation has been repeated by numerous ex-
periments and it should be seen as a principal effect. It also agrees with the experi-
ence that it is very difficult or impossible to obtain STM images of thicker anodic
oxide layers on many other metals. A parallel observation is that in this electrolyte
the Cu,0 film remains amorphous, i.e. the surface remains covered by small round
oxide grains that do not yield a crystalline structure at larger resolution. This thin
amorphous film, which consumes one monolayer of Cu at maximum, permits a
direct tunnelling from the tip to the substrate and thus allows an imaging of the sur-
face. Apparently, a crystalline structure is required for thicker films to get a suffi-
ciently high density of electronic states within the band gap to permit an electron
transfer via the oxide layer. The thick Cu,O films formed in borate buffer pH 9.3 are
apparently amorphous and thus cannot be imaged. They presumably have a non-
ordered accumulation of interband states that cannot mediate an electron transfer
via a hopping mechanism. When the duplex film is formed one gets again a stable
image, even in borate buffer. However, when the outer part of this duplex film is re-
duced to Cu,0O, the image is lost again.

7.2.3 Passive Layers on Ni and Cr

The structure of the passive layer on Ni has been studied very carefully with STM
[139] by the group of P. Marcus and with XRD by the group of R.J. Behm [140]. Ni
surfaces usually have at room temperature a thin layer of an air-formed film that
consists of 0.6 nm thick inner oxide, and 0.3 nm thick outer hydroxide, parts, ac-
cording to XPS investigations of several authors; this was discussed in detail in Sec-
tion 5.1.5. Potentiodynamic cathodic polarization in 0.1 M Na,;SOy solution of pH 3
yields a small reduction peak at £ = —0.1 V with a charge of ca. 1000 pC cm—
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Fig. 60. Tunneling mechanism via states within the band gap (sub-band SB) of a Cu,O layer explaining
stable STM imaging of oxide layers at: (a) flat band potential Ep, = —0.25 Vand (b) E=0.1 V

corresponding to 0.6 nm NiO. This air-formed film shows a grain structure. Accord-
ing to in situ STM studies, these grains cover the terraces completely, but with a clear
appearance of the step edges, suggesting the formation of a thin, homogeneous layer
[139]. This oxide/hydroxide film may be reduced producing extended, atomically flat,
pure Ni-surfaces showing the expected hexagonal arrangement of the Ni atoms of the
Ni(111) substrate surface without reconstruction which supports previous findings
with XPS.

In situ STM studies confirm previous XPS results of a Ni(OH),/NiO bilayer
structure of the passive film on Ni. Images of Ni passivated in 0.1 M Na,;SO4 of pH
3 with a small tunnel current density depict the outer parts of the layer, showing the
grainy structure of the outer hydroxide layer [139]. The grains of 2 to 5 nm width
grow with time of passivation to ca. 2 to 8§ nm within 3 hours. They are rounded with
no features showing any orientation relative to the Ni(111) substrate. At larger
magnification, no ordered atomic structure could be detected, which gives further
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Fig. 60. (c) imaging of duplex layer at flat band potential E =0 V and (d) £ = 1.0 V [89, 128|.

proof that this part of the layer is amorphous. A larger tip current density leads to a
closer approach of the tip to the surface, thus imaging the crystalline inner oxide
layer. Here triangular oxide terraces are detected that present a hexagonal, well-
ordered atomic structure at larger magnification with a lattice vector of 0.3 nm,
which corresponds to the distance of NiO(111) (0.295 nm) and of Ni(OH),(1000)
(0.317 nm). Apparently, the inner NiO layer is (111) oriented to the (111) Ni sub-
strate. The orientation of the hexagonal surface structure of the oxide is parallel or
antiparallel to that of the Ni substrate supported by the already mentioned XRD
studies of passivated Ni, which yield an antiparallel orientation for the NiO part of
the passive layer [140]. According to the length of the terraces and the height of the
steps of the crystalline oxide, a tilt of 1° to 10° relative to the substrate is concluded
with an average of 3° [139], similar to the findings of an average of 3.3° obtained by
XRD studies [140]. This tilt has been explained as a possibility for the system to
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overcome the stress at the metal/oxide interface due to a lattice mismatch between
the Ni substrate and its anodic oxide of 18 %. Similar results have been found for
anodic films with well-ordered facets of the crystalline Cu,O layer, as described in
Section 6.1.2 (Fig. 59b) [80, 129]. The polar structure of the (111)-oriented NiO
crystallites yields a termination of the oxide film with a Ni** or an O~ plane, which
is stabilized by an outer adsorption layer of OH. The measured step height of
multiples of 0.12 nm at the oxide terraces suggests that STM samples the Ni>*—OQ*~
distance within the oxide. The reason for this result is not yet fully understood. A
termination by an O>~ or a Ni’* layer is not favored because of energetic reasons.
Oxidation studies in the vacuum yield a 2 x 2 reconstruction of the surface during
the loss of hydroxide [141] and the surface readily adsorbs OH in the presence of a
small water pressure returning to the unreconstructed (111) (1 x 1) orientation.

In the case of passive layers the outer hydroxide film is always present. It is hy-
drated to a large extent, and thus does not correspond to crystalline Ni(OH),. The
incorporation of water leads to an amorphous structure of the outer part of the pas-
sive layer with the observed characteristic dense package of small grains. All these
detailed investigations lead to the structure of the passive layer on Ni with a an inner
crystalline oxide with a antiparallel orientation of its (111) planes relative to the
(111)-oriented Ni surface with a tilt of 3° and an outer amorphous hydroxide part.

The passive layer on Cr(110) shows a similar structure of hydroxide grains at low
potentials and short passivation times. Crystalline oxide is found after prolonged
anodization at sufficiently positive potentials [127]. At E = 0.35 V, only oxide grains
of 3 to 7 nm diameter and 0.1 to 0.4 nm height have been observed with a rounded
shape and no orientation relative to the substrate. At larger magnification no atomic
structure could be found. At £ =0.75 V, facets of oxide appear with a hexagonal
structure with the close packed rows parallel to and at 30° of the [001] orientation of
the metal substrate. The formation of the crystalline structure may be followed as a
function of time at lower potential. At £ = 0.55V, it takes ca. 4 hours to change the
grain structure of the hydroxide to that of the oxide which occurs much faster at
E =0.75 V. Apparently, first a granular amorphous hydroxide layer is formed that
is transformed into a crystalline oxide with time. This transition gets faster with
increasing electrode potential, as in the case of passivating Cu,O on Cu. In agree-
ment with XPS results, this transition has been ascribed to the dehydration of
Cr(OH); by further oxidation of Cr according to Eq. (36).

Cr(OH); + Cr — Cr,O3 + 3H" + 3¢~ (36)

Different from the situation of the passive layer on Ni, passive Cr does not show a
two-layered structure. Variation of the tunnel current does not cause the change from
an amorphous to a crystalline structure [127]. Depending on the potential one ob-
serves the amorphous granular structure of the hydroxide, or the crystalline oxide.
The lattice parameter measured by STM is 0.28 nm, which corresponds to the dis-
tance in the O plane of 0001-oriented -Cr,O3. Apparently, STM samples the dis-
tance of the O ions. The distance of Cr** ions should be 0.485 nm due to a lower
density of the cations. Crystalline bulk CrO(OH) and Cr(OH); have a similar struc-
ture. The parameters of the hydroxide or oxyhydroxide are somewhat larger, i.e.
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0.307 and 0.531 respectively. The passive layer consists of a sequence of O>~ and
Cr3* layers. Because of energetic reasons, the passive film is again terminated by an
OH~ layer. In case of an oxyhydroxide, the O plane consists of a mixture of an O~
and OH™ ions. The predominant step heights on the crystalline layer of 0.11 nm are
related to emerging stacking faults within the Cr3* layers, which for energetic rea-
sons is easier to explain by their lower density with respect to the O?>~ planes. The
distance of a Cr3*—0Q?~ layer sequence amounts to 0.22 nm, which is rarely found in
the STM images.

8 Breakdown of Passivity

Although the passive layer provides an optimum of corrosion protection to most of
the otherwise very reactive metals, the protective layers can suffer local breakdown,
owing to various environmental conditions. As a consequence, the metal dissolves
locally with very high current densities, which correspond to the applied positive
electrode potentials resulting in the growth of corrosion pits. At least for very short
times in the ms range, local current densities of up to more than 100 A cm~2 have
been measured for nickel and several 10’s of A cm~ for iron before the precipitation
of accumulated corrosion products lowers the current density to still high values of
some 100 mA cm~2 [142, 143]. This breakdown of passivity occurs in the presence of
so-called aggressive anions, such as the halides and other anions like SCN~, and
ClO4~ at very positive potentials. In the presence of fluoride in strongly acidic elec-
trolytes, iron and nickel undergo a general breakdown of passivity, whereas usually
pitting is observed [142, 143]. Only in solutions with a high chloride content (>1 M)
general breakdown of passivity is obtained. The large protected surface with con-
ductive passive layers may serve as a large cathode for the reduction of appropriate
redox systems within the electrolyte to compensate for the intense anodic metal dis-
solution at the surface of the corrosion pits. Thus, in the presence of aggressive
anions, especially chloride, many metals are seriously attacked. For most metals, a
characteristic potential has to be reached above which a stable pit growth becomes
possible, which causes a characteristic current increase in the passive range above the
critical pitting potential. In the presence of inhibitors, a positive limit within the
passive range of localized corrosion has been found with a related inhibition poten-
tial [143].

Many investigations have sought to explain the mechanisms of pit nucleation and
pit growth and the topic continues to be controversial. It is not intended in this re-
view to include a detailed description of pitting corrosion. Good reviews and book
chapters are recommended to the interested reader, which provide an insight into the
details of this interesting corrosion phenomenon that is important from a technolog-
ical and scientific point of view [142, 143, 145, 146]. Although the mechanisms are
discussed rather controversially, some basic factors should be mentioned briefly that
are closely related to passivity, and that refer to the opinion of the author of this re-
view and may be read in detail at Ref. [143].
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The essential condition for pitting of a passive metal surface is the presence of a
sufficient concentration of the aggressive halides. A concentration of >1073 M is
required to provide a growing pit with the necessary amount of Cl~. These halides
increase the rate of dissolution of the passive layer by forming a complex with the
cations at the oxide/electrolyte interface as described schematically by reaction 4 in
Fig. 4, Section 2. This complex is transferred at a higher rate into the electrolyte than
an uncomplexed cation of the oxide matrix. If the accumulation of the complexing
aggressive anions is sufficiently large, then the whole passive layer will be removed,
thus exposing a bare metal surface to the electrolyte. At these unprotected sites, the
local dissolution current density attains the extremely high values of the applied
electrode potential. The necessary accumulation of corrosion products within the pits
causes locally a high halide concentration, and thus a self-stabilization of their con-
tinuous growth. The well-known, very strong, complexing properties of fluoride for
cations like Fe’* and Ni** cause a complete breakdown of passivity of Fe and Ni,
thus leading to a less complicated situation compared with a local breakdown. In this
sense, fluoride is well suited as a model system for pitting studies. The related thin-
ning of a passive layer by these anions has been confirmed with surface analytical
methods like XPS of emerged electrodes. The different stages of breakdown have
been also followed with the rotating ring-disc technique, which supports the concept
of cation complexing as an essential step for breakdown of passivity, pit nucleation,
stable pit growth and the prevention of repassivation of a corrosion pit. Further
stabilizing factors for pit growth are the acidification of the pit electrolyte due to
hydrolysis of corrosion products and ohmic drops with increasing size of the pits.
The breaking of the film due to mechanical stress and electrostriction may be an
additional mechanism for pit nucleation.

9 Concluding Remarks

Passive layers are essential for the protection of reactive metals and are a necessary
requirement for their use under environmental conditions. The self-healing property
of the poreless, protecting oxide films on many metals and alloys, with their ex-
tremely slow dissolution rates, are unique. Since the days of the detection of passivity
of metals ca. 200 years ago, a detailed understanding has been achieved due to the
application of electrode kinetics and various surface analytical methods in the past
when they became available. UHV methods like the electron spectroscopies XPS,
AES and the ion spectroscopies ISS and RBS provide information about the chemi-
cal composition of the anodic layers, whereas methods applying synchrotron radia-
tion, e.g. XRD and XAS, and scanning methods, e.g. STM and SFM, give insight
into the structure of these films on a mesoscopic and nanoscopic scale down to
atomic dimensions. These more recent analytical tools give also in situ access to the
details of growth and breakdown of passive layers. As in all other fields of electrode
kinetics, one has an excellent opportunity to follow in situ electrode kinetics on an
atomistic scale. In this sense, fundamental research provides a better understanding
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of corrosion mechanisms, which may help in engineering to predict the corrosion
behavior of even complicated alloys in a complex environment. The continuing
application of these modern tools to the various systems will lead to a better under-
standing for corrosion phenomena and reduce the various observations to a re-
stricted number of leading mechanisms. In this sense, the application of surface
science to corrosion phenomena like passivity is promising for future research, and a
deeper understanding to the benefit of science and technology.
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