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Modern Aspects of Electrochemistry, No. 36:

The study of electrochemical nuclear magnetic resonance
(EC-NMR): in situ both sides of the electrochemical interface via
the simultaneous use of *C and Pt NMR.

Recent impressive advances in the use of rigorous ab initio
quantum chemical calculations in electrochemistry.

Fundamentals of ab initio calculations, including density functional
theory (DFT) methods, help to understand several key aspects of
fuel cell electrocatalysis at the molecular level.

The development of the most important macroscopic and statistical
thermodynamic models that describe adsorption phenomena on
electrodes.

Electrochemical promotion and recent advances of novel monolithic
designs for practical utilization.

New methods for CT analysis and an explanation for the existing
discrepancy in Li diffusivity values obtained by the diffusion
control CT analysis and other methods.

Modern Aspects of Electrochemistry, No. 35:

Impedance spectroscopy with specific applications to electrode
processes involving hydrogen.

Fundamentals and contemporary applications of electroless metal
deposition.

The development of computational electrochemistry and its
application to electrochemical kinetics.

Transition of properties of molten salts to those of aqueous
solutions. '
Limitations of the Born Theory in applications to solvent
polarization by ions and its extensions to treatment of kinetics of
ionic reactions.
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Preface

This volume of Modern Aspects contains seven chapters. The major
topics covered in the first six chapters of this volume include
fundamentals of solid state electrochemistry; kinetics of
electrochemical hydrogen entry into metals and alloys; oxidation of
organics; fuel cells; electrode kinetics of trace-anion catalysis; nano
structural analysis. The last chapter is a corrected version of chapter
four from Volume 35.

Faisal M. Al-fageer and Howard W. Pickering begin the first
chapter by going back to 1864 and Cailletet who found that some
hydrogen evolved and was absorbed by iron when it was immersed in
dilute sulfuric acid. The absorption of hydrogen into metals and alloys
can lead to catastrophic failures of structures. They discuss the kinetics
of electrochemical hydrogen entry into metals and alloys.

In chapter three, Clyde L. Briant reviews the electrochemistry,
corrosion and hydrogen embrittlement of unalloyed titanium. He
begins by reviewing the basic electrochemistry and general corrosion of
titanium. He also discusses pitting and galvanostatic corrosion
followed by a review of hydrogen embrittlement emphasizing the
formation of hydrides and the effect of these on titanium’s mechanical
properties.

Christos Comninellis and Gyérgy Foéti discuss the oxidative
electrochemical processes of organics in chapter three. They begin by
defining direct and indirect electrochemical oxidation of organics.
They introduce a model that allows them to distinguish between active
(strong) and non-active (weak) anodes. Different classes of organic
compounds are used for kinetic models of organic oxidation at active
and non-active type anodes.

In chapter five, Kas Hemmes presents a comprehensive discussion
of fuel cells and Carnot engines; Nernst law; analytical fuel cell
modeling; reversible losses and Nernst loss; and irreversible losses,
multistage oxidation and equipartition of driving forces. He compares
two analytical models with experimental results on a 110 cm® Molten
Carbonate Fuel Cell. He also discusses fuel cell configurations and
geometries, and numerical fuel cell modeling of various cells such as

vii



viii Preface

the Alkaline Fuel Cell, Polymer Electrolyte Membrane Fuel Cell,
Direct Methanol Fuel Cell, Phosphoric Acid Fuel Cell, Molten
Carbonate Fuel Cell, and Solid Oxide Fuel cell. He ends with a
discussion of new developments and applications of fuel cells: fuel
cells in trigeneration systems; coal/biomass fuel cell systems; indirect
carbon fuel cells; and direct carbon fuel cells.

Zoltan Nagy discusses in chapter five the catalytic effect of trace
anions in outer-sphere heterogeneous charge-transfer reactions. He
begins with the observations of H. Gerischer and continues with the
observations of D. C. Johnson and E. W. Rosnick. The measurements
of J. Weber, Z. Samec, and V. Marecek are explored as well. A
discussion of the observations of F. R. Smith and J. T. Wadden and the
work of Z. Nagy and L. A. Curtis, and H. C. Hung and Z. Nagy are
included. He states that it is reasonable to conclude that trace-anion
catalysis of outer-sphere charge-transfer reactions may be a very
general phenomenon.

Chapter six by M. Abraham and M. C. Abraham discusses the
results of experimental and theoretical investigations on bridging
electrolyte-water systems as to thermodynamic and transport properties
of aqueous and organic systems. This chapter is a corrected version of
chapter four in Volume 35. In the course of editing Volume 35, the
authors provided a final set of edited and corrected diskettes. However,
in conversion to CD format for the final pagination and indexing stage,
using supposedly the same software, many errors and transpositions of
diagrams occurred in the final production stage of the chapter. The
Editors and Publisher find it necessary and appropriate to reprint this
corrected chapter in its entirety in this volume. We apologize to the
authors and our readers for any inconvenience this may have caused.

R. E. White
University of South Carolina
Columbia, South Carolina
B. E. Conway
University of Ottawa
Ottawa, Ontario, Canada
C. G. Vayenas

University of Patras
Patras, Greece



Contents

Chapter 1

KINETICS OF ELECTROCHEMICAL HYDROGEN ENTRY
INTO METALS AND ALLOYS

Faisal M. Al-Faqeer* and Howard W. Pickering

L IntrOd0CHION. . i sremmeis 26756 e wvonsneiols & STnibe i 508 woaiirins o & & 1
II. Hydrogen Evolution Reaction Mechanisms ........... 3
III. Hydrogen Degradation in Metals and Alloys .......... 5
IV. Devanathan-Strachurski Electrochemical Permeation Cell 9
1. Electrochemical Hydrogen Permeation Cell ........ 10
2. Metal Membrane Preparation ................... 12
3. Solution Preparation «..v:..siwswssassmmsssanss 12
4. Experimental Procedure ........................ 12
5. Directly Obtained Quantities .............c..c.n.. 13
6. Hydrogen Diffusivity . .c.csssisvssiwsnisseqinss 14
7. Hydrogen Concentration . ...................... 17
8. Trapping Effect ....... ... ... ... ... . ... 18
0, DIthCHlties o.osuscupessmusmnsbrssmrmsesmessssis 20
10. Advantages of the Technique ................... 22
V. IPZ ANBLYSES: 0 0iiaiai vm arm s v wd B2t il i 50 e wm 22
. The Ofiginal IPZ ANAlYSIS: . cwewosnisensmscnenss 22
2 Membrane Thickness Effect ................... 29

3. Calculation of 6, and Rate Constants of lhe HER
from Polanzanon Data ........................ 30
VI. The Generalized IPZ Analysis ..........c.ccvivenn.. 32
VII. The New IPZA Analysis .........c.coiieieinnnannn. 40
VIII. Analysis of Permeation Data under Corrosion Conditions 46
IX, CONCIUSIONS 50 cnisssssissmissaminmsasnsas ssessn 48



Listof Symbols ........ .. ... . i
References ...... ...

Chapter 2

THE ELECTROCHEMISTRY, CORROSION AND
HYDROGEN EMBRITTLEMENT OF TITANIUM

C.L. Briant

I Introduction ............c..iiiuniiiiininnnannnn.
II. Electrochemistry and General Corrosion .............
L. Galvanic COrroSion u.: s swiisse s e s e
IV. Pitting COITOSION . .. vvvtvtieieti i e eaenn
V. Hydrogen Embrittlement of Titanium ...............
VI SOMIMALY wcwaomsmisnesimsaeemss s omsesnssaioe s
RETETBHCES ;. imimc imsamimmmmensmomnriibiSaRsS0ipis

Chapter 3

Contents

m DD
o 98
.. 69
oy 92
.. 15
.. 84
.. 84

ELECTROCHEMICAL OXIDATION OF ORGANICS ON IRIDIUM
OXIDE AND SYNTHETIC DIAMOND BASED ELECTRODES

Gyorgy Féti and Christos Comninellis

L Introduction ............ccouiuniiniinninianninnnnnn.
II. Electrochemical Oxidation of Organics in Aqueous Media
Using ACHVE ANCUEE « o wmvwam wins o oeaisis i s avsis s

1. Oxidation of Organics on Ti/IrO, Anodes in the

Potential Region before O, Evolution ..............

2. Oxidation of Organics on Ti/IrO, Anodes in the

Potential Region of O, Evolution .................

. 87

s 91

.93

.96

3. Kinetic Model of Organic Oxidation on Ti/IrO, Anodes 103

III. Electrochemical Oxidation of Organics in Aqueous Media
Using Non-Active Anodes ...........c.oovvneunnenn.

1. Oxidation of Organics on p-Si/BDD Anode in the

Potential Region before O, Evolution ..............

. 108



Contents xi

2. Oxidation of Organics on p-Si/BDD Anode in the

Potential Region of O, Evolution .................. 113
3. Modeling of Organics Incineration on p-Si/BDD Anode 116
(i) Electrolysis Under Current Control (j <j, ) .... 119
(if) Electrolysis Under Mass Transport (j > j, ) ..... 122
(7ii) Experimental Verification ..................... 123
IV, 1CONCIUSION ot i 2 60 5 5 v e 0w mimrmrn e 8 508 s (8 & r 5 o ok 1 0 5 126
LiSt of Symbols . .vvwisnincnssnsnibssas 6 B8 w3 S 128
RETOTONCES: cu v o w s 50 50 0 6w 355 s $38.8 0 o 598 0y 9785 & 129
Chapter 4
FUEL CELLS
K. Hemmes

[ Introduction . ...........c.iiiiniiiiiiiiia.. 131
II. Fuel Cells and Carnot Engines ....................... 132
1. Fuel Cells versus Carnot Engines .................. 132
2. Fuel Cells Combined with Carnot Engines ........... 136

(i) FC-CE Systems Having an Overall FC Reaction
with AS < 0 (Reversible) ..uinicuimssaimionss 136

(if)y FC-CE Systems Having an Overall FC Reaction
with AS < O (Irreversible) . ................... 138

(iit) FC-CE Systems Having an Overall FC Reaction
with AS =0 (Reversible) ...........covuinn.. 141

(iv) FC-CE Systems Having an Overall FC Reaction
with AS = 0 (Irreversible) .................... 143

(v) FC-CE Systems Having an Overall FC Reaction
with AS > 0 (Reversible) .................... 144

(vi) FC-CE Systems Having an Overall FC Reaction
with AS > 0 (Irreversible) . ................... 145
.. NermSHLaEW, « cnom 5 o 550505 5 Séeaeiitetan H1e 6 7155 S ERE 146
1. Derivation of Nernst Law . ....................... 146
2. MCFC with Diluted Fuel Gas  -.:c0v.vesvsmsnpsses 150
3. Pure Hydrogenasa Fuel ......................... 151
IV. Analytical Fuel Cell Modeling ....................... 156

1. Analytical versus Numerical Modeling .............. 156



xii

VL

VII.

VIIL.

Contents

2. Analytical FC Model by Division in Hypothetical
SUD-CEIS : ¢4 5150 55 51w s wsioms s e w008 4s bloss s sam s
3. Analytical FC Model Using Differential Equations . . .
Reversible Losses and Nernst Loss ..................
I. Nernst LOSS .« vt
2. Minimizing Nernst Loss by Lowering the Operating
Temperature . .............iuiiiiiiiiiia
3. Minimizing Nernst Loss by Decreasing the Utilization
4. Minimizing Nernst Loss by Decreasing the OCV by
Gas Recyeling «.awsssimsonsiswissinomanssss
5. Minimizing Nernst Loss by Changing the Relation
qu(u) .......................................
6. Can We Minimize the Nernst Loss by Changing the
Relafion W (X7 . ..o onensosssans o, mesnmimesis
7. FC-CE Systems Including Nernst Loss ............
8. Modeling the Initial Dip in the Nernst Potential .. ...
Irreversible Losses, Multistage Oxidation and
Equipartition of Driving Forces .....................
1, hreversible LoSSes :wuvwewssminisatosminmesdids
2. Multistage Oxidation .........c.ovivenivnienenns
3. General Formulation of the Equipartition Principle . . .
4. Equipartition of Entropy Production in a Non-
isothermal Fuel 'Cell . :iawsmsvisssanswsnsvssssss
Further ANalysis . ... ..ccoemooeomasossnoennsoens o
Maximum Power versus Maximum Efficiency ......
Fuel Cell under Potentiostatic Control .............
Fuel Cell Operated at Constant Load Resistance . . ...
Fuel Cell under Galvanostatic Control .............
Heat Effects 1n Fel ICellS osmes snwswvsis sevonssa
(i) Heat Dissipation Due to Irreversible Losses .. ...
(i) Heat Dissipation Due to Reversible Processes . ..
Comparison of Two Analytical Models with
Experimental Results on a 110 cm®> MCFC ...........
1. Expertmental ReSultS . .« .coswsmnnwsssmen sy siwas
2. The Simple and Extended Analytical Fuel Cell Model
3. The Simple Analytical Fuel Cell Model Compared
with Experimental Results . ......................
4. The Extended Analytical Fuel Cell Model Compared
with Experimental Results . ......................

B d s

183
183
185
187

189
190
190
191
192
193
194
194
195

197
197
198

202



Contents Xiii

5. Conclusions and Applications of the Analytical Models

to Other Fuel Cell Types ............. ... 208
IX. Fuel Cell Configurations and Goemetries .............. 209
1. Disk Shaped Fuel Cell Geometry .................. 210
2. Tubular Fuel Cell Geometry ...................... 212
3. 1 in/1 Out or Single-Chamber Fuel Cell Concept ..... 216
4. 2 in/1 Out or Dead-End Mode Concept ............. 217
5. 3 in/3 Out Concept; MCFC with a Separate CO,
SUPPEY ccimi0 0 5000t ore 0 o1 wrssmims shomoneio & oo S0 Bl ies 218
X. Numerical Fuel Cell Modeling ..................... .. 223
1: INGEOAUCHION . < cos0s w5 5 simiws momses smewwi © snias dhas 44 & 223
2. AFC: Alkaline:Fuel Celll .. ccnviusmmcurmimmnseennss 223
3. PEMFC: Polymer Electrolyte Membrane Fuel Cell .... 225
4. DMFC: Direct Methanol Fuel Cell ................. 228
5. PAFC: Phosphoric Acid Fuel Cell .................. 229
6. MCFC: Molten Carbonate Fuel Cell ................ 230
7. SOFC: Solid Oxide Fuel Cell ..................... 231
XI. New Developments and Applications ................. 232
1. Fuel Cells in Trigeneration Systems ................ 232
2. Coal/Biomass Fuel Cell Systems ................... 233
3. Indirect Carbon Fuel Cell (IDCFC) ................. 234
4. Direct Carbon Fuel Cell (DCFC) .................. 239
List of Symbols . ... 244
RETEIEICES . vovom srwers e sommir 3o s mvsa g bin o s s 31k g i 51405 247
Chapter 5
TRACE-ANION CATALYSIS OF OUTER-SPHERE
HETEROGENEOUS CHARGE-TRANSFER REACTIONS
Zoltan Nagy
I Introduction ........ ... ...t 253
II. Summary of OBSEIVALIONS « « s« v swsmsms eaimssasnsmsss 254
III. The Ferrous/Ferric Reaction ......................... 256
L MGEIISCHBE .« v o oo e mrs o o e i wcers o o 08 w1 6 B 0 0108 i 257
2. Johtison and RESTICK. . «umsmrsusmomas osinemsiishsos 257

3 Weber et al: susuninsnsicssnsimsmsnasscnsmssssnses 258



Xiv Contents

4. Smithand Wadden ............. ... ..o, 259
D NAgy @t Bl swvsssmesaumonwrmsnmnmems ganms gapmss 260
0. Hung and Nagy «cessasmeinemsonsosas cnissininio 260
7. DISCUSSION & o vttt ettt e e e ie e e e 264
IV. Concluding Remarks ............................... 267
REIBIGNCES < cnsvnsmsussmsamensms smsmannsmsmp ssisns s 268

Chapter 6

THERMODYNAMIC AND TRANSPORT PROPERTIES
OF BRIDGING ELECTROLYTE-WATER SYSTEMS

Maurice Abraham and Marie-Christine Abraham

I Introduction ......... ... 271
II. Thermodynamic Properties ................c.ooovuun.. 273
1. Adsorption Theory of Electrolytes ................. 276
(/) Component ACHVILIES .. .....ovverereinennnn.. 276
(if) Characteristic Features of Water Activity

Coefficient Curves ............c.covenvinnn... 287
(iif) Excess Properties .............. ... oo 292

(iv) Temperature Dependence of the Adsorption
PATameters « c s s smsas smans sains a5 sasa ciws 299
2. Approaches Related to Regular Solution Theories .. ... 300

(7) Approach with Mole Fraction on an Ionized Basis 300
(i) Approach with Mole Fraction on an Un-lonized

Basis ... 304

3. Surface Properties . ... 305
4. Other Approaches and Observations ................ 309
(i) Water Vapor Pressure ........................ 309

(if) Molar Volume . .......... .. ... 310
(7if) Substitution of an Organic Substance to Water ... 311
I, TranSpott PIOPEMies «:cs iwssainimans smoma smsmscs ums 312
1. Activation Energy for Viscous Flow ................ 313
2. Transition State Theory of Viscosity ................ 315
3. Free Volume for Viscous Flow .................... 325
4. Equation for Fluidity with Apparent Parameter ....... 329
5. Activation Energy for Electrical Conductance ........ 334



Contents XV

6. Transition State Thoery of Electrical Conductance .. 337
7. Free Volume for Electrical Conductance .......... 341
8. Equation for Equivalent Electrical Conductance with
Apparent Parameter ........................... 343
9. Relation Between Viscosity and Electrical
Conductance ..........couuiiiiniinnennennennn. 346
10. Other Approaches and Observations .............. 349
(i) Logarithmic Equation for Equivalent Electrical
Conductance ..............ooviuuniennn.n. 349
(if) Power-Law Equations for Viscosity and
Electrical Conductivity .................... 349
(7ii) Substitution of an Organic Substance to Water 350
References ..., 353



Kinetics of Electrochemical Hydrogen Entry
into Metals and Alloys

Faisal M. Al-Faqeer* and Howard W. Pickering

Department of Materials Science and Engineering, The Pennsylvania State
University, University Park, PA 16802, U.S.4

1. INTRODUCTION

In 1864, Cailletet found that when an iron sample was immersed in
dilute sulfuric acid, some hydrogen evolved and some was adsorbed by
the iron.'” In 1922, Bodenstein found that application of a cathodic
current would result in an increase in the amount of hydrogen entering
iron.* His results showed that the amount of hydrogen permeating an
iron membrane was directly proportional to the square root of the
applied current density.”* These two observations demonstrated that
some of the hydrogen atoms produced electrochemically during
corrosion of iron may enter the metal lattice and permeate through the
metal and that the quantity of hydrogen entering the metal can be
increased by applying a cathodic current. The entry of the electrolytic
hydrogen into metal is related to the hydrogen evolution reaction.

*Present Address: Saudi Aramco E-7600, Dhahran 31311, Saudi Arabia

Modern Aspects of Electrochemistry, Number 37, Edited by Ralph E. White er al. Kluwer
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2 Faisal M. Al-Faqeer and Howard W. Pickering

Atomic hydrogen has a uniquely high diffusivity being able to
rapidly diffuse through some metals at room temperature. The
diffusivity of hydrogen within iron, with its rather loosely packed bce
crystal lattice, is extremely high. Thr diffusion coefficient of hydrogen
in fully annealed iron is of the order of 10° cm’ s' at room
temperature.>® This is about 12 orders of magnitude greater than that
of other interstitials such as carbon and nitrogen. The high mobility of
hydrogen atoms into metals is commonly attributed to the small size of
its atom.”

The entry of these hydrogen atoms into the metal lattice is an
undesirable reaction because of the damage that the absorbed hydrogen
causes to the physical and mechanical properties of the metal '’
Internal bursts and blisters may be realized during corrosion or cathodic
polarization if large amounts of hydrogen collect in a localized area.**’
The absorbed hydrogen causes hydrogen embrittlement and, as a result,
possible catastrophic failure of structures in service.*"'

There are many sources of absorbed hydrogen in metals. Hydrogen
can enter metals and alloys during cleaning, pickling, welding or
electroplating processes, to name a few. Or, it may be picked up from
the service environment as a result of cathodic protection or
corrosion.”™ In all of these processes, the hydrogen evolution reaction
(HER) is a possible cathodic reaction with atomic hydrogen as a
byproduct.”*'*" It is usually an unavoidable electrode reaction
proceeding simultaneously with these processes.

Mechanistic analyses have been developed which evaluate the
kinetics of hydrogen entry into metals via the hydrogen evolution
(HER) and absorption (HAR) reactions. These analyses can determine
the individual rate constants of the hydrogen evolution reaction, &, and
k>, (from the steady state permeation data or the polarization curve) and
the kinetic-diffusion rate constant, 4, the hydrogen surface coverage,
6y, and the hydrogen concentration in the charging side of the
membrane, C°, (from permeation data). The surface coverage of a
second adsorbate, 6y, can also be evaluated. Example applications of
these analyses are given for characterizing the effects of hydrogen
sulfide and hexamethylenetetramine (HMTA) on the HER and HAR.
They are known as The IPZ and IPZA (lyer, Pickering, Zamanzadeh,
Al-Fageer) analyses.  The surface coverage’s of HMTA were
determined using the newer IPZA analysis, which takes into account
competitive adsorption under Langmuir isotherm. Good agreement
was obtained with its coverage’s determined by two other independent



